
Digi
tiz

ed
 by

 Ill
ino

is 
Coll

eg
e o

f O
pto

metr
y 



Digi
tiz

ed
 by

 Ill
ino

is 
Coll

eg
e o

f O
pto

metr
y 



Digi
tiz

ed
 by

 Ill
ino

is 
Coll

eg
e o

f O
pto

metr
y 



Digi
tiz

ed
 by

 Ill
ino

is 
Coll

eg
e o

f O
pto

metr
y 



Digi
tiz

ed
 by

 Ill
ino

is 
Coll

eg
e o

f O
pto

metr
y 



Digi
tiz

ed
 by

 Ill
ino

is 
Coll

eg
e o

f O
pto

metr
y 



EASY LESSONS 

IN 

LIGHT. 

BY 

MRS. W. AWDRY. 

ILLUSTRATED. 

3Eoni)on: 

MACMILLAN AND CO. 

1880. 

The right of Translatioji is reserved. 

Digi
tiz

ed
 by

 Ill
ino

is 
Coll

eg
e o

f O
pto

metr
y 



Digi
tiz

ed
 by

 Ill
ino

is 
Coll

eg
e o

f O
pto

metr
y 



PREFACE. 

This little book was begun many years ago, simply 

from love of the study of Light, and has grown 

slowly to its present shape, every source of informa¬ 

tion on the subject within reach having been freely 

laid under contribution. 

During the course of learning and teaching on 

this subject I have been strongly impressed by one 

point, viz., the wonderful difference in power of sight 

between trained and untrained eyes, and at the same 

time the small amount of training necessary to set the 

eye almost unconsciously educating itself in delicate 

and accurate vision. 

I once asked a lady to look through her fingers 

at a distant candle, and tell me what she saw. She 

answered, in perplexity, that she saw the candle, and 

was eager to know what she was expected to see. 

This I declined to tell her, but invited her to go on 

looking, and say from time to time if anything fresh 

came in sight. Before ten minutes had elapsed she 
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VI PREFACE. 

described delicate phenomena of diffraction, asserting 

at the same time that she had just become able to 

see them. 

I may venture to hope that some others also may 

become better able to see by the help of the simple 

experiments here described, the whole necessary 

apparatus for which is contained in the following 

list:— 

Pasteboard. Piece of smooth flat glass. 

Tin biscuit-box. Piece of silvered looking-glass. 

Tumbler of water. Glass prism. 

Mounted globe. Large and small lens. 

Three screws. Two spectacle lenses of long focus. 

Walking stick. Sheet of glazed writing paper. 

Small pair of wheels, loosely mounted and running easily. 

If possible, a small direct vision spectroscope. 
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A 

LIGHT. 

CHAPTER I. 

LIGHT. 

1. When a candle is lighted in a dark room, that 
which we call Light begins to pour out from the 
candle all round. Some of it comes straight to our 
eyes, and then we see the candle: some of it knocks 
against the things in the room—tables and chairs, 
floor and ceiling, and these things as soon as it 
touches them change its direction and begin to scatter 
or send it out round themselves in turn. Some of this 
again reaches our eyes, and then we see the last thing 
against which it struck. 

2. We may easily convince ourselves that light does 
pour off from the candle flame equally in all direc¬ 
tions by observing that it makes no difference to its 
brightness whether we see it from above or below or 
either side, provided the distance is the same and 
nothing else gets in the way. This would not be the 
case if more of the light went in one direction than 
in another. 

On looking at a gas lamp through a fog we can see 
(by the help of the fog) the outpouring light, and may 
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2 LIGHT. 

observe that it is in the form of a sphere with its outer 
edge passing gradually into dimness and darkness. And, 
indeed, the least consideration will show that anything 
which moves out from a centre with equal rapidity, in 
all directions, must be spherical in form. 

In the same manner, not only things which shine by 
their own light, but everything we see and every part 
of everything we see, is pouring out light, which starts 
away from it as the threads of a mop fly out from the 
centre when it is twirled, and travels on constantly 
straight forward until it hits against something which 
either stops it or changes its direction. 

But there is one important particular in which the 
outflowing light is not like a twirled mop. Each 
thread of the mop stands out straight by itself with a 
blank space all round between it and the next. But 
with the light there are no blank spaces ; the outward 
movement is in this respect more like that of the film 
of a soapbubble which moves out gradually in all 
directions as it is blown out larger and larger. 

3. And just as the soapbubble gets thinner and 
thinner the larger it is blown, so the light is strongest 
and brightest close round the point which sends it out, 
becoming more diffused and less intense as it spreads 
further from this centre. Or, still more accurately, the 
gradual diminution of the light may be compared to 
the ring of ripples made by dropping a stone into a 
pond—the wave ring becomes larger and at the same 
time lower and less conspicuous as it spreads out 
round the spot where the stone fell, just as the spheres 
of light become larger and fainter as they spread 
further from their starting point. 
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LIGHT. 3 

Fig. r is intended to represent a section through 
the centre of a sphere of light; the brighter centre 
stands for the intenser light, which gradually be¬ 
comes diffused until beyond a certain distance it 
ceases to strike the eye as 
light at all. If your eye 
comes within the range of 
the light where it is not too 
much diffused, the central 
object is in sight. For in¬ 
stance, let us suppose a 
candle to stand at the cen¬ 
tral point marked A in Fig. 
x; then on placing your 
eye at B you will see the 
candle by means of its own diffused light. If we draw 
a straight line joining A and B, this will represent what 
is called a ray of light, that is to say, the line of 
direction in which the light reaches the eye. 

4. The intensity of the light diminishes at a regular 
rate as it extends farther from the centre. 

Suppose we were to enclose a lamp in two clear 
glass globes, the second of which is twice as far from 
the lamp as the first; then the second being twice as 
wide and twice as high will have a surface four times 
as large as the first. We will suppose both to receive 
the same amount of light from the lamp, but by the 
time it reaches the second it is spread over four times 
the space, so that any one part of the second gets only 
a quarter as much light as an equal part of the first 
globe. 

Again, if we could surround the lamp by a third 
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4 LIGHT. 

globe, at three times the distance of the first, its sur¬ 
face would be nine times as large, and each part would 
only receive Jth of the light received by an equal part of 
the first globe. So then at twice or three times the 
distance, the intensity of the light will be one 
quarter or one ninth, and so on. 

5. The same thing can be shown by the following 
simple experiment:—In front of a lamp or candle 
place a card screen with a hole in it. Then if at a fixed 
distance, as at C, fig. 2, the light coming through the 
hole just illuminates 1 square inch of card, it will be 
found that at twice this distance it will illuminate a 

card 4 inches square; at three times the distance, a 
card 9 inches square, and so on; and, of course, the 
same amount of light spread over nine times the space 
is dimmer everywhere. 

The usual way of expressing this rule is—The 
intensity varies inversely as the square of the distance, 
and it is briefly called The Law of Inverse Squares. 

6. The distance within which objects are visible 
varies enormously according to the first intensity of the 
light, and the consequent distance which it reaches 
before it is entirely diffused. Consider, for instance, 
what must be the size of the spheres of light emitted 

Digi
tiz

ed
 by

 Ill
ino

is 
Coll

eg
e o

f O
pto

metr
y 



LIGHT 5 

by the fixed stars, before they become too much 
diffused to render the stars visible. Spreading, as we 
must suppose, equally in all directions, they are large 
enough to include our earth from which our human 
eyes see them. And supposing a star to be at such a 
distance from us that its light reaches our eyes in too 
diffused a condition to render the star visible to the 
naked eye, then if we can in any manner gather 
together into the tiny pupil of the eye a sufficient 
quantity of the diffused light, the star may be rendered 
visible. 

7. This is the principle of the telescope. Suppose 
that a (Fig. 1) is the star, and b the eye at such a 
distance that the starlight is not strong enough to render 
it visible; if a suitable lens cd can be placed between 
the eye and the star, it will receive all the diffused light 
that reaches the space c d, and, owing to peculiar pro¬ 
perties of which we shall have to speak hereafter, will 
bend all the rays in such a manner that they meet on 
the point b, thus bringing to the eye stationed 
there sufficient light to render a visible along the line 
A b, which passes through the centre of the lens, and 
is called its axis. 

8. These spheres of light are invisible. When 
we look at the stars we see the sky dark round 
them, though they are pouring out light in every 
direction. We only become conscious of light when 
it is arrested by some object capable of scattering it 
in fresh directions, and so sending it to our eyes. 
When a ray of sunlight falls through a chink into a 
darkened room, what do you see ? A spot of bright 
light on the carpet, a number of dancing specks in the 
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6 LIGHT. 

sunbeam, which arrest a portion of light and send some 
of it to us, and probably a little diffused light on some 
of the objects in the room nearest the beam, caused 
by the scattering of light from the spot on the carpet, 
and from the illuminated motes. But suppose the 
motes in the sunbeam to be rempved, as they have 
been in some recent scientific experiments by burning 
them, and what will you see then ? The path of the 
sunbeam will have become totally dark, and all that 
remains is the spot on the carpet rather brighter 
than before, and such illuminations as there may be 
from it. We are not conscious of light till it is 
arrested, and then we see, not the light, but the object 
which arrested it, more or less brilliantly. 

9. Strange to say, these spheres of light, though 
pouring out in all directions from everything at the 
same time, do not ordinarily appear to clash and 
disturb each other. I am looking out of a window 
in the west wall of a square court surrounded with 
buildings, and I see the opposite windows and the 
steady downfall of rain between. But if there is 
some one else looking out of a window on the north, 
he will see all that is on the south side of the court 
without the least interference from the rays that are 
pouring from the east side into my eyes on the west. 
The whole court is full of light going in all directions 
at once, whether there is any one to see it or not, but 
each ray keeps to its own business without interrupting 
its neighbours. 

10. These journeys are made with enormous speed. 
The outward movement of the film of a soap bubble is 
gentle enough for us to watch its progress, and the 
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LIGHT. 7 

progress of a water wave may be easily traced, but the 
outrush of a sphere of light is made at the rate of no 
less than 186,000 miles in a second. 

As, according to this, light comes to the earth from 
the moon in rather less than a second and a quarter, 
it appeared at first to be impossible to find out the 
velocity of light by measuring its rate on the surface 
of the earth, and it was first discovered by means of the 
movements of the planets and their satellites. 

We are able to judge of the distance of a thunder¬ 
storm by counting the time between the flash and the 
report, because we know the different velocities of 
light and sound. The flash and the report really take 
place at the same time, and the light of the flash 
reaches us instantly, but the sound travels only at the 
rate of about 1,125 feet Per second, and consequently 
by counting the seconds which elapse before it arrives, 
we shall know what distance it has come. When the 
flash and the report occur within a second of each 
other we know that the storm is within about 1,125 
feet, or less than a quarter of a mile. 

But the distance of the heavenly bodies from us is 
so great that though light travels with this enormous 
speed, it “ must take 8% minutes in reaching us from 
the sun ; about 5 hours in coming from the planet 
Neptune; not less than years from the nearest fixed 
star; and probably centuries in coming from the 
nearest nebulae; so that we see the nebulae not as 
they are now, but as they were some centuries ago ” 
when the light which has just reached us left them. 
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8 LIGHT. 

CHAPTER II. 

REFRACTION. 

11. When a ray of light falls upon any transparent 
substance, such as air, water, glass,—part of it is 
reflected 1 back from the surface, and part passes on 
through the transparent medium. 

This we will immediately prove by experiment be¬ 
fore going further, since it is the rule in all scientific 
work to take nothing on trust from others which we 
may have the opportunity of seeing for ourselves. 

12. Take a round pasteboard box (or make one if 
necessary), such as chocolate is sold in, and the deeper 
the better. 

Paint the whole inside black, except a white ring on 
the bottom of the box, 
and cut one slit in the 
side, as at a, Fig. 3, 
and another wider 
one in the bottom, 
passing through the 
centre. Through this 
last, push a piece of 
flat smooth glass, such 
as a window pane or 
the glass of a picture, 
b c d e, Fig. 3. It Fig- 3- 

is convenient to have the bottom moveable, so that 

1 Reflected, from the Latin re, again, and flecto, I turn, a ray 
returned or thrown back. 
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REFRACTION. 9 

you can bring the side slit opposite to any part 
of it at pleasure. 

Now hold the box in the sun1 so that the sun¬ 
shine may come through the side slit and throw a 
beam of light upon the blackened paper. Where the 
sunbeam strikes the glass you will find that it is 
divided into two unequal parts, one passing on through 
the glass in nearly the same direction as before, and 
one reflected upwards from the surface. It is possible 
that at first you may have a little difficulty in distin¬ 
guishing the reflected ray, so faint is it in comparison 
with the other. If this is the case, shade the front of 
the box so that other light may not reach it, move it a 
little from side to side, as there is more chance of 
detecting a faint ray when it is moving, and if the 
bottom is moveable turn the slit nearer to the glass, 
so that the light may fall more obliquely upon the 
reflecting surface. When you have found the reflexion 
you will probably observe that it is double, consisting 
of two rays of which the upper is the brightest. One 
of these is reflected from the upper, and one from the 
under side of the glass. 

In this chapter we have to examine that part of the 
light which passes through,—that which is reflected 
will be considered afterwards. 

13. Most of the transparent media with which we 
are acquainted are different in density; that is to say, 
some are more solid and close packed than others. 
When any substance expands with heat there does not 

1 Sunshine is preferred for this experiment since the great dis¬ 
tance of the sun causes its rays to be practically parallel to us. 
Ordinary artificial light is confusing on account of its divergence. 
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IO LIGHT. 

come to be more of it than before : its weight is just 
the same, but its particles are not so closely packed 
together, and so it takes more room; its density is less. 
Even at the same temperature there are some things 
which are denser than others, that is to say, which 
have more particles in the same space. Glass is 
denser than water, water than air, cold air than hot 
air. In measuring density it is convenient to take 
water as the standard and call its density i ; then we 

call the density of 
i glass more than i, 
j and of wood less 
| , than i. 

14. When a ray of 
light passes from one 
medium into another 
of different density, 
unless it falls exactly 

perpendicularly on the fresh surface, it will be bent, or 
refracted} out of its original direction. If it falls 
perpendicularly so that the ray makes equal angles in 
all directions with the surface (Fig. 4), it will pass 
straight on without any bending, but if it falls 
obliquely so that it make unequal angles with the sur¬ 
face then it will not pass straight on but will be bent. 
If it is passing into a denser medium it will become 
more perpendicular than it was to the surface it enters, 
if into a rarer or less dense medium it will become less 
perpendicular to the surface than before. 

15. To observe this conveniently, take up the 

1 Refracted, from the Latin re, and fractum, broken, a ray broken 
back. 
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REFRACTION. 11 

round box again, and upon the white ring left in 
the bottom mark the degrees of the circle, drawing a 
conspicuous line right across the circle, passing through 
its centre at right angles to the surface of the glass. 
This we will call the perpendicular line. 

Take out the glass while doing this, and before 
restoring it to its place hold the box for a moment in 
the sunshine, letting the sunbeam through the slit cross 
the centre of the circle, and observe the degrees where 
it crosses the white ring. The beam is perfectly 
straight, its lower extremity being at the same dis¬ 
tance from one end as the slit is from the other end of 
the perpendicular line. Now replace the glass in its 
position, and let the beam fall as before upon the 
centre of the circle. The beam is no longer straight 
throughout its course. That end of it which has 
passed through the glass has moved nearer than before 
to the perpendicular line. It has become more per¬ 
pendicular to the surface of the glass—glass being a 
denser medium than air. The amount of bending 
depends on the thickness of the glass, and as with 
thin glass the refraction is so slight as to be hardly 
perceptible, the thicker the glass the better for this 
experiment, provided always that it has smooth parallel 
sides. 

If the bottom of the box is not moveable, cut 
another slit to admit the light opposite to one end of 
the perpendicular line, and thus satisfy yourself as to 
whether light is refracted when it falls perpendicularly 
on the surface of the glass. 
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12 LIGHT. 

CHAPTER III. 

refraction—continued. 

16. Having thus convinced ourselves of the reality of 
the refraction, we shall find it more convenient for 
the present to examine its laws by means of diagrams. 

If a b x y, Fig. 5, represents the thickness of a flat 
piece of glass, and c d a ray of light falling obliquely 
upon the surface of it, let us draw a line perpendicular 
to the surface where the ray touches it, as e f, and 

notice the size of the angle which c d makes with e ij. 

This angle c d e is called the angle of incidence. Now 
as the ray is passing from air into glass, that is from a 
rarer into a denser medium, we know it will become 
more perpendicular to the surface of the glass than it 
was before, and be bent somewhere in the direction 
d g, making a smaller angle with the line e f than it 
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REFRACTION. 13 

did in passing through the air. This angle G d f is 
called the angle of refraction, being evidently a smaller 
angle than the angle of incidence. Now, when the 
ray reaches the other side of the glass it will come 
again into a less dense medium, and consequently will 
be bent away from the perpendicular line. Accord¬ 
ingly, let us draw another perpendicular line, and make 
the ray incline to it at a larger angle in the air than it 
did in the glass. 

But the question is, and a very important one too, 
how much larger or smaller these angles are to be 
made? In order to answer this we must first learn 
to measure the angles. 

17. The ordinary way of measuring angles is to 
ascertain how many degrees of a circle they contain. 
But in the present case 
we must adopt another 
method of estimating 
angles. 

Let abc (Fig. 6) be the 
angle we have to measure. 
Draw a circle of any size 
with the point B as its 
centre, and join a and c 
by a straight line at right 
angles to a b. In this 
example, the line b c, 

which is a radius of the 
circle, may be divided into eight equal parts, and the 
line ac will then contain five of the same sized 
parts : therefore the length of A C is f of the length 
of the radius b c. Now this fraction, |, is called the 
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H LIGHT. 

sine of this angle. It does not matter whether the 
equal parts be inches or miles—if the proportion of 
the two lines to each other be as five to eight—if the 
sine be §—the angle, that is the inclination of the two 
lines to each other, is always of the same size as this. 

Now if the line b c be supposed to be a moveable 
pointer, swinging round on a pivot at b, like the hand 
of a watch, we may by bringing it nearer to a b make 
an angle whose sine shall be f; that is to say, the 
length of the crossbar will be | of the length 
of the pointer or radius—D e, e b (Fig. 6), and com¬ 
paring this with our first angle we should say, the 
sines of the two angles are to each other in the pro¬ 
portion of | to |, or (since the length of the radius 8 
is the same in both) in the proportion of 5 to 3. 
Thus, if we have an angle with a sine of f, and desire 
to construct another whose sine shall be | of the first, 
we have only to make the crossbar of the second 
| of the first, provided always that the length 
of the radius is the same in each case: that is to say, 
if we make the circle the same size in both cases. 

We will return to our ray of light. If it be passing 
from air into glass, the sine of the angle of incidence,, 
in the air, will be to the sine of the angle of refraction, 
in the glass, as 3 to 2 nearly. Looking back to Fig. 5, 
you will find that the line F G is | of the length of the 
line c E: they are both drawn to the same length of 
radius, for d c and d g are radii of the same circle, 
and all radii of the same circle are equal in length. 

18. Different transparent media vary very much in 
the amount by which they bend or refract the rays 
passing into them. The standard by which they are 
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REFRACTION. 15 

measured is the amount of bending undergone by a 
ray passing into them from vacuum, that is, from space 
devoid of air or any other refracting medium. Thus, 
when a ray is passing from vacuum into water or vice 
versa, the sine of the angle of incidence and the sine of 
the angle of refraction are to each other in the propor¬ 
tion of nearly 3 to 4, or exactly as 1 is to 1.335. Hence, 
this number, 1.335, is called the refractive index of 
water. In the passage from vacuum into air, the pro¬ 
portion of the sines is 1 to 1.000294, or nearly 3401 to 
3402. Hence, 1.000294 is the refractive index of air. 
The refractive index of crown glass is 1.52, and of flint 
glass 1.55, both of which give nearly 3 to 2 as the pro¬ 
portion of the sines of the angles made by a ray passing 
into them from vacuum. 

We have, therefore, the following table. Longer 
lists of the refractive index of other transparent bodies 
will be found in more advanced text books :— 

Refractive index of air, ... ... 1.000294 
„ water, . 1.335 
,, crown glass, ... 1.52 
„ flint glass, ... 1.55 

These are called the absolute indices of refraction for 
these media, being all measured by a common stan¬ 
dard—the passage of rays from vacuum. 

19. To get the refractive index when the ray passes 
from one of these media into another, we must measure 
the sine of the angle of incidence (which we will call 
sin i), and divide it by the sine of the angle of refrac¬ 

tion (sin r); thus Sm = index of refraction. 
sm r 

20. A simple experiment will make the whole 
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LIGHT. 16 

matter clearer. Take a tin biscuit box (the 2 lb. 
size), a b c d Fig. 7. Mark a scale of inches along 
the bottom of the box, place it in the sunshine, 
and note where the edge of the shadow falls, ae. 
Now without moving it, fill it with water to the brim, 
and note where the shadow falls again, a r. Pour 

away the water, and measure accurately the distance 
from the edge of the box a first to e, and then to r. 

Now in the first case, when the box was empty there 
was obviously no refraction at the surface of the 
box, and therefore the angle b a e below the 
surface must be the same as the angle of incidence 
s a f above the surface, and the sine of incidence will 
be expressed by the length of b e divided by that of 

a e—or —-—sini( 17). 
ae 

In the second case, refraction having taken place at 
the surface of the water, the angle b a r is the angle 

of refraction, and — = sin r. 
ar 

However much the slant or obliquity of the inci- 
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REFRACTION. 17 

dent ray may vary, these two fractions — and 5-5 will 
AE AR 

always bear the same proportion to each other, 
and consequently, whatever their values may be in 
figures, when one is divided by the other, the quotient 
is always the same, and this quotient is the refractive 
index for the passage of rays from air to water.1 

When we know the absolute refractive indices of the 
substances, we can find from them their relative refrac¬ 
tive index. We find that the refractive index of water 
is 1.335, an<3 of air 1.000294, that is nearly 4 to 3, so 
the sines of the angles in water and in air must be to 
each other nearly in the proportion of 4 to 3. And 
since we know that the smaller angle will be in the 
denser medium, it follows that the sine of the angle in 
water will be about f of the sine of the angle in air. 
You will notice that these numbers are taken back¬ 
wards, and the refractive index of air becomes the sine 
in water, and the index of water the sine in air, and 
may remember as a general rule that the sines in any 
two transparent media are the refractive indices of the 
media reversed. The proportion of the sines in air 
and glass (1.000294 and 1.55) are nearly 2 to 3, and 
in glass and water (1.55 and 1.335) nearly 7 to 6. 
These numbers are easier to deal with and sufficiently 
accurate for our present purpose. 

21. One thing more must be taken into account before 
we rest and recapitulate what we have learnt. In draw¬ 
ing these figures on a piece of paper, there is no difficulty 
in knowing in which direction the ray will be bent, by 
the rules given in this chapter, because the lines must 

1 This is Kepler's method. 
B 
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i8 LIGHT. 

all lie on the flat surface of the paper; but supposing we 
are dealing with a thick cube of glass, that is a piece 
which is equal in length, breadth, and height, a little 
consideration will show that an oblique ray falling on 
the top of it might make its change of path into more 
than one direction, and yet keep the right proportion 
between its angles. We do not know which surface it 
would come out upon. The truth is, that the two angles 
must be both in the same plane. A ray, being only a 
single line, may be in any plane, but an angle between 
two straight lines can only be in one; so, find the per¬ 
pendicular by setting a pencil upright on the glass, just 
where the ray touches it, and these two lines together, 
forming the angle of incidence, will determine the 
plane. 

22. This subject of planes is not easy at first, 
and it will be well worth while to give it a few more 
words of explanation. A plane means a flat surface, 
and those points are in the same plane which could be 
all touched by one flat surface. A single point cannot 
determine a plane, for it may belong to many. The 
walls, floor, and ceiling of a room are all planes, and 
the point of the floor in the corner of the room is in 
the plane of the floor and of two of the walls all at 
once. Neither can a straight line fix a plane; the 
upright line in the comer of the room belongs equally 
to both walls, or the line along the top of the room 
belongs equally to the wall and ceiling. You can cut 
an orange in many planes, and yet lay open the central 
line of the core. Two straight lines, or a line and a 
point, or any three points which are not in a straight 
line, are therefore necessary to determine a plane. 

Digi
tiz

ed
 by

 Ill
ino

is 
Coll

eg
e o

f O
pto

metr
y 



REFRACTION. 19 

With the upright line in the corner of the room, take 
a spot on one of the walls, and then you fix a plane 
immediately. 

Now, to go back to our cube. The refracted or 
bent ray must be in the plane determined by the line 
of the ray falling upon the cube, together with a line 
perpendicular to the surface resting on the point where 
the ray falls. Suppose your cube, instead of being of 
hard glass, was of soft, clear jelly. If you could bring 
the edge of a knife down upon its upper surface, so 
that the blade of the knife just touches both the ray 
and the middle of the pencil that was set upright on 

the spot where the ray touches the jelly, and cut down 
through the cube, keeping the knife in the same posi¬ 
tion (see Fig. 8), then on the fresh cut surface you 
would find the refracted ray. 

We can now go over and sum up the laws of 
refraction. 

23. 1st. The angles of incidence and refraction 
must be in the same plane. 

2nd. The sines of incidence and refraction always 
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20 LIGHT. 

bear the same proportion to each other in the same 

two media. 
Before going further, it would be well to practise 

drawing the refraction of rays more or less oblique in 
different media, according to the proportions given in 
the table in this chapter. They cannot be drawn with 
mathematical accuracy ; pens and pencils will not do 
it. But it may be done sufficiently nearly to make 
the student thoroughly accustomed to angles of inci¬ 
dence and refraction, so that he may not have to stop 
and puzzle over them on coming to them in future. 
Try the refractions out of denser into rarer media as 
well as the other way, and try them with the incident 
ray coming in all sorts of directions. 

CHAPTER IV. 

refraction—continued. 

We have now to consider how rays will be affected 
by passing through transparent substances of definite 

shapes. The simplest 
example, and that upon 
which we have already 
experimented, is a piece 
of clear glass having 
smooth parallel sur¬ 
faces—in fact, a good 
window pane. 

24. We now know 
Fig- 9- perfectly well what 

will happen to a ray falling obliquely upon a 
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REFRACTION. 21 

smooth surface of glass; it will be bent as at b 

in Fig. 9. What will happen to it when it reaches 
the other side of the glass ? It has now to pass 
from the denser medium of glass back to the rarer 
medium air, so we must draw a fresh perpendicular line 
at c where the ray falls upon the fresh surface and con¬ 
struct our angles according to the ordinary rules given 
in the last chapter. We shall find the new direction 
of the ray c D to be parallel1 to its direction before 
it entered the glass. How far apart the parallel 
rays are depends on the thickness of the glass. 

25. Now, what is the practical consequence of 
this? We learnt in the first chapter that we can 
only see things when rays of light come from 
them into our eyes, but that we do not see the 
rays, only the objects which send them. Now, if 
the ray should get bent about ever so many times 
on its way to us, we cannot see all that bending 
about; yet though we do not see round corners, still 
the ray reaches us at last, and shows us the object 
it came from ; and what is the consequence ? This— 
that we always see an object in the direction along which 
the ray ca?ne last. For instance, looking back to the 
last figure, if your eye were at d and the flame of a 
candle at a, you would be able to see the candle, for 
the ray coming from it to b would be bent to c 
and finally reach your eye by the road c d, but the 
candle would not appear to be at a, it would look as 
if it were along the line c d which the ray travelled 
last; consequently as you could still judge its dis- 

1 Parallel. Two lines are said to be parallel to each other when 
they remain equally distant throughout their course. 
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22 LIGHT. 

tance fairly, it would look as if it were at E, a little 
aside from its true place. 

26. If you look through a window then, at any 
objects from which the rays reach the window pane 
obliquely, you will see them all a little aside from 
their true place; though as they are all moved 
aside equally, or nearly so, they look tolerably right. 
But supposing that the surfaces of the glass are not 
quite smooth, or that the glass is not equally thick 
throughout, or that different parts of the glass are not 
of the same density, you probably now know theo¬ 
retically as well as practically what will be the 
consequence. Everything seen through it will be very 
unpleasantly distorted; the rays coming from parts of 
the same object may take quite different journeys 
according to the irregularities of the glass, and so 
present to your eye a picture having very little 
resemblance to the truth. In that case the only 
remedy is to open the window if you want to see the 
view; the rays from the objects around you will then 
come without being bent or refracted. 

It is very possible that you may never have noticed 
that every thing seen obliquely through glass is displaced 
a little to one side, partly because in our ordinary 
window glass the displacement is very small, and partly 
because the wooden frame in which the panes are 
set prevents the eye from directly comparing what is 
seen through the glass with what is seen through the 
open window; but if you lay a piece of rather thick 
glass on the page of a book, so that it partly covers 
the printing, and look at the page obliquely, the dis¬ 
placement will be very apparent. 
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REFRACTION. 23 

27. Let us see the bearing of this important rule— 
that we always see objects in the direction along which 
the rays from them came last—upon the statements 
in the last chapter. 

We know that a ray 
obliquely incident on 
water, as a b (Fig. 10), 
will be refracted to c, 
but it is equally true 
that a ray coming 
from c will be re¬ 
fracted at the surface 
of the water in the 
direction ba, and con¬ 
sequently an eye at a 

will see an object at 
c along the line ab, 

which will make it appear to be at d. 

28. Place a shilling in the bottom of a tumbler, 
and pour in water gently so as not to move the 
shilling. When looked at obliquely the apparent 
position of the shilling will rise higher and higher as 
the water rises in the glass. It will still appear to rest 
on the bottom, because the apparent place of the 
bottom of the glass is equally raised by the refraction, 
but if the eye is so placed that the edge of the 
tumbler, when empty, just conceals the shilling, the 
appearance of the shilling will rise into sight on 
pouring in the water. 

For this reason rivers appear shallower than they really 
are when looked at obliquely from the banks, because 
the apparent place of the bottom is raised by refraction. 
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24 LIGHT. 

Now, transferring the eye to the bottom of the 
river, let c (Fig. io) represent a fish. Where will it see 
a man [standing on the bank at a ? Both the man 
and the bank will appear to be at n, being seen along 
the line cb. The same effect will be produced on 
looking at the opposite bank, and consequently a 
river must appear to the fish to be narrower than it 
really is. 

For the same reason a stick plunged obliquely into 
water appears bent, since the rays from that , part of 
the stick under water being refracted at the surface of 
the water on the way to our eyes, the apparent place 
of the stick is raised. 

Fig. ii. 

29. Another curious effect of refraction is the 
apparent delay for a short time of the setting of the 
sun and stars. Just as we were able to see a shilling 
by means of the water refraction, even though it was 
behind the edge of the tumbler, so we are able to see 
the setting stars by means of atmospheric refraction, 
even when they are below the horizon. Were there 
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REFRACTION. 25 

no atmosphere, the star would be out of sight, but the 
refraction of the earth’s atmosphere, which is densest 
nearest the earth, raises its apparent position over the 
edge of the horizon, and keeps it for awhile in sight, 
exactly as the apparent position of the shilling was 
raised over the edge of the tumbler by the water. 

30. Did you, when trying the exercises on refraction, 
happen to light on one very curious case, in which you 
could not find out, according to rule, where the ray 
would go next; it did not seem as if it would go any 
where? Perhaps you have already discovered this; 
if not, it is time it were pointed out. 

We have learnt that when a ray passes from one 
medium into another less dense, it becomes less per¬ 
pendicular than before, i.e., it has to make a larger 

Fig. 12, 

angle with the perpendicular than it did in the dense 
medium. Now it may happen that the ray is so 
oblique already that if it becomes more oblique in its 
proper proportion it cannot get into the other medium 
at all. For instance, if a b (Fig. 12) is the lower surface 
of some dense medium, such as glass, and a ray such 
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2 6 LIGHT. 

as c d fall upon it: then if you draw the perpendicular 
and try to construct the proper angle for the ray to 
come out of the glass again, you will find that you 
cannot make it at all, for the sine of the angle would 
have to be larger than the radius to which it is drawn, 
which is impossible. In this case, the ray never will 
get into the other medium: it will not be refracted at 
all, but will all be reflected from the upper side of the 
surface A b. 

31. To see this phenomenon,1 try the following 
experiment:—Put a shilling into a glass of water 
and tilt the glass to one side, then holding it a 
little above the level of your eyes and looking up 
through the water, you will see the image of the 
shilling at the top of the water looking as solid and 
distinct as the shilling itself. The light from the 
shilling is totally reflected by the upper surface of the 
water, when you see it obliquely enough. Now lift 
the glass gradually higher above your eyes and at a 
certain height the shilling will suddenly disappear. 
The rays of light from the surface of the water to the 
eye are no longer oblique enough to cause total 
reflexion—they make too large an angle with the 
surface. The precise angle at which the shilling 
appears or disappears is called the limiting or critical 
angle, and varies in media of different density. The 
limiting angle for water is 48^° from the perpen¬ 
dicular. 

It will be a good exercise to take a sheet of paper 
and draw this angle, so as to make yourself accustomed 

1 Phenomenon is simply the Greek word for appearance, it is a 
convenient and frequent scientific expression. 
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REFRACTION. 27 

to its size. The limiting angle for glass is 410 48'; 
compare these two. 

32. Now, suppose we have a number of transparent 
plates, of gradually increasing density, laid closely 
one over another with the densest at the top and the 
rarest or least dense at the bottom, what will happen 
to a ray passing through them ? 

\ X K .---""I 
S 

R S 

rig. 13- 

Let Fig. 13 represent such a series of plates, and let 
the ray enter at a, passing through to d ; there it will 
come upon the surface of a rarer medium, and will 
become more oblique than before; the same will 
happen at e f g h and 1; each plate is rarer than 
the last, and so the ray becomes more and more 
oblique at each refraction. But when it reaches b it 
is so oblique that it cannot emerge into the next layer 
at all, as we saw in Fig. 12. What becomes of it? 
From b it is all reflected in the direction b k, and 
there striking the surface of a denser medium it will 
be refracted to l, becoming less oblique than before ; 
as it proceeds on its journey through m n o p, it 
becomes less oblique at every change to the denser 
medium, till it arrives at c, where you will find that it 
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28 LIGHT. 

has described a very complete curve from its starting 
point a. 

If a candle were at a, and your eye at c, where 
would you see the candle ? You would see it along 
the last line by which the ray came to your eye, that 
is along the line cp, and the candle which is at a 
would in this case appear to be somewhere about r. 

33. This deceptive appearance is illustrated on the 
hot flat plains of the desert. The air close to the 
hot ground is very much heated, a little higher it is 
cooler, and the heat gradually decreases upwards. 
Now, hot air, you remember, is rarer than cold air, 
and every greater degree of heat makes the air a little 

Fig. 14. 

rarer, so that in the air over the heated desert you have a 
medium becoming gradually denser as you go upwards, 
like the transparent plates in Fig. r3_ In the place of 
the candle a there will be clear sky, and a man whose 
eyes were at C would seem to see the clear sky lying 
on the ground at R looking like water : or if you 
imagine him at n, the appearance of water would be 
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REFRACTION. 29 

seen at s. This phenomenon, which is called mirage, 
is constantly described by travellers in the desert. 

The quivering of heated air, which children call the 
heat dancing, may be frequently observed over the 
fields in summer. The constant change in refractive 
power of the air at any one point, as the currents of 
heated air rise irregularly into the cooler layer next 
above, causes constant slight shifting of position in 
the objects seen through it. The same effect is often 
seen in church, on looking at a window through the 
heated air rising from a gas lamp. 

34. Let us next examine the transmission of light 
through surfaces that are flat, but not parallel. The 
application of our rules will show us that the ray 
entering the glass at 1, Fig. 14, ought to leave it again 
in the direction er. Now, let us see how this is in 
actual experiment. 

If you can shut the shutters of a room into which 
the sun is shining, and make a small hole in the 
shutter to admit a sunbeam, you will have no difficulty 
in seeing its path traced out upon the dust of the 
room, till it rests upon the floor, making a bright 
illuminated spot. Now, in order to observe the re¬ 
fraction, place a prism1 of glass in the path of the 
beam. The beam is now refracted, and bent aside, 
so that we find the bright spot at some distance from 
its former place. But the bright spot has under¬ 
gone a wonderful change. Instead of a little round 
white spot, it has become a long-shaped bright place, 

1 Prism. By a prism is meant any transparent substance, having 
two sides inclined towards each other; but to show these colours 
the sides of a glass prism must not enclose a greater angle than 83°. 
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30 LIGHT. 

coloured like a most beautiful and vivid rainbow. 
The lowest end, which is nearest the spot where the 
white, unrefracted light fell, is a rich crimson, and the 
colour passes upwards into orange, yellow, green, blue, 

A 

indigo, and violet, which is the uppermost. These 
are indicated by the letters r o y g b i v in Fig. 15. 

The simple three-sided prism, Fig. 16, is the best 
for observing prismatic refraction, but if this cannot 
easily be obtained, a cut glass stopper, or any piece of 
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REFRACTION. 31 

glass with sharp angles may be used to observe the 
colour. 

35. Here, then, is quite a new phenomenon. The 
prism in refracting the ray has decomposed it,—split 
it up into many parts, and we find that the white beam 
was made up of all these beautiful coloured rays. 
These are actually so many different rays, composing 

Fig. 16. 

what was apparently one, and the reason that the prism 
has made them visible, is that these rays are differently 
refracted; they are said to possess different refrangi- 
bilities ; the red is the least refracted or nearest to the 
spot where the light fell before; the violet the most 
refracted or furthest from it, and the rays between 
these two are refracted at every intermediate angle. 
You might turn the refracting prism into any other 
direction, so that the coloured band would fall in 
different places, but you would always find the red 
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32 LIGHT. 

end of it nearest to the original or unrefracted path of 
the light, and the violet furthest from it. The coloured 
band of light is called the prismatic spectrum, and 
this one is known as the solar spectrum, because it is 
the sun’s light that we are examining. 

It is plain now that the rules which we have learnt 
for determining the refraction of light cannot apply to 
the whole of these rays, for they are all refracted at 
different angles. This rule therefore only shows us 
the place of the mean or middle of these rays. 

36. The refrangibility of the coloured rays differs in 
different media, but the order is always the same ; 
namely, the red end is the least refracted and the violet 
the most. The spectrum is longer, in other words the 
colours are more widely dispersed by some refracting 
media than by others. We shall find the practical 
importance of this fact later. 

Now if the coloured spectrum is received upon a 
suitable transparent lens, so arranged as to bend all 
the rays together again in transmitting them, a piece 
of paper held at the point where they all meet again 
will receive just such a white spot as fell on the floor 
at first before the prism was put in the way; but by 
intercepting some of the coloured rays on their way, 
you can change this spot to all manner of different 
colours ; and there is no colour that we are acquainted 
with that may not be obtained by stopping out some 
or other of the rays of the solar spectrum, thus show¬ 
ing that the compound white light that comes from the 
sun is able when split up to produce all the various 
colours we see in the world round us. 

37. The violet seen at the end of the spectrum 
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REFRACTION. 33 

beyond the blue may possibly be an indication of the 
beginning of a new band of rainbow colours out of the 
range of our human vision, just as in the musical scale 
the end of one octave is the beginning of a second. 
The blue corresponds to the higher note in an octave, 
the red to the lower, and the pitch rises from one to 
the other. 

The rainbow itself is an effect of the refraction and 
reflexion of sunlight by drops of water, either in rain 
or in a waterfall. 

In this chapter we have just opened the door to 
investigations of endless interest and beauty. We have 
not touched at all the most wonderful revelations 
made to us through the solar spectrum, nor mentioned 
the interest to be found in the spectra of other sources 
of light besides the sun. The spectroscope is an in¬ 
strument fitted with prisms for investigating different 
spectra. It is impossible here to do more than just 
indicate these things, and then go on with the subject 
of refraction; but we will return later to this subject 
and enquire what news is brought to us from the dis¬ 
tant sun and stars by their swift-footed messenger 
Light. 

CHAPTER V. 

refraction—continued. 

The next thing we have to consider is the behaviour 
of rays of light falling upon curved transparent sur¬ 
faces. The law for their refraction remains the same 
as before, dependent on the angles they make with 

c 
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34 LIGHT. 

a line perpendicular to the surface; but the difficulty 
in this case is to be sure what is perpendicular to the 
surface at any point. 

38. When a curve is part of a circle, a line drawn 
from the centre of the circle to any part of the cir¬ 
cumference is perpendicular to the curve at that point. 
But when the curve is not part of a circle we must 
seek another method of determining the perpen¬ 
dicular. 

Let a b c d e (Fig. 17) be a curved surface with 
parallel rays falling upon it at b, c, and d. Draw a 
straight line outside the curve, which shall just touch 
the curve, but without cutting through it, at the 
point b where the ray falls. Such a line, touching 
a curve without cutting it, is called a tangent, from 
the Latin tangere, to touch. Now, a line drawn 
at right angles to the tangent and passing through 
the point b is the perpendicular to the curve at 
that point. You can easily measure the angles 
made by the ray with the perpendicular, and find 
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REFRACTION. 35 

its new direction on the other side of the surface. 
You will find that it is bent inwards towards a 
line passing through the centre of the curve. Exactly 
the same will be the case with the ray falling on d ; 

the tangent and the perpendicular are drawn, and 
this ray also is found to be bent inwards towards the 
same line. The ray at c is perpendicular to that 
point of the surface, and therefore passes straight into 
the glass without refrac¬ 
tion. If any more rays 
parallel to these fell upon 
the curvedsurfacebetween 
b and c, and between c 
and d, they also would 
all be refracted towards 
the centre line, and would 
meet and cross there, 
afterwards getting farther 
and farther apart again, 
as shown in Fig. 18. 

Every ray of light 
brings with it an image 
or picture of the point it 
comes from, and if a 
bundle of rays fall upon 
the curved surface from 
the same object—a little 
spider, for instance—and 
the rays are so refracted 
by the surface that they 

Fig. 18. 

all meet and cross on the same spot, then if you 
could place your eye just at that meeting spot, 
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36 LIGHT. 

which is called the focus, you would receive a ray 
of light from every point of the spider at once, and 
so see the whole spider clearly. 

But as it is impossible to place your eye inside 
a solid block of glass, 
we must give our curved 
glass another' side or 
surface in order to get the 
rays of light out into 
the air again, and this 
fresh surface with the 
fresh refractions it causes 
will make some differ¬ 
ence in the direction of 
the rays. 

39. Suppose we first try 
the effect of making the 
second surface flat, as in 
Fig. 19. A glass with 
one or both sides curved 
is called a lens, and the 
name of this one is a 
plano-convex lens, be¬ 
cause one side is flat or 
plane, and the other has 
a convex curve—that is 
a curve whose middle 

point is the one farthest away from the other side. 
In Fig. 19 the parallel rays falling on the curved 

side at a and b are first refracted to pc and d, 

where they meet the second surface. Find the per¬ 
pendiculars to this surface, and the fresh refractions, 

Digi
tiz

ed
 by

 Ill
ino

is 
Coll

eg
e o

f O
pto

metr
y 



REFRACTION. 3 7 

remembering that the angles must be larger in the air 
than in the glass. You will discover that the side rays 
will now be bent still more to the central line than 
before, and consequently will meet or come to a focus 
at e, whereas if the second side of the glass had not 
come between they would have met at f. The effect, 
then, of the second side is to bring them to a focus 
more quickly. 

40. Hold a common magnifying glass facing the 
sun, and putting a sheet of white paper close behind 
it, move the paper gently back from it till you find 
the distance at which the spot of refracted light is 
smallest and brightest; this spot is called the principal 
focus of the lens. Be careful with this experiment, or 
you will presently prove that the lens has converged 
the sun’s heat as well as light upon its focus, by the 
scorching and burning of the paper.1 

If you can darken the room, and admit light only 
through the lens, you may see the light between the 
lens and its focus in the shape of a solid cone having 
the focus for its point and the lens for its base. A 
dark lantern with a converging lens in a dark room will 
show this as well. 

41. There are several forms of lenses in use. No. 
1 in Fig. 20 represents a section of a double convex 
lens, having both its surfaces convex. Then follow the 
plano-convex and two concavo-convex lenses of differ¬ 
ent forms: these have one side convex and the other 
a concave or hollow curve. The fifth lens is plano¬ 
concave, and the sixth doubly concave. 

1 White paper is less likely to burn with a burning glass than 
coloured or dark. 
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LIGHT. 38 

The line drawn through the middle of all these 
lenses is called their axis, and represents the line 
towards which the rays would be bent after refrac¬ 
tion. 

1 No. 1, Fig. 2i, is 
an illustration of the 
effect of a double 
convex lens, and 
No. 2 of a double 
concave lens upon 
the direction of rays 
that were previously 
parallel. The con¬ 
vex lens makes them 
converge rapidly, 
while the concave 
lens causes them to 
diverge. 

It will be well to 
make experiments 
with ruler and com¬ 
passes on all these 
lenses, and see what 
effect their different 
shapes have on the 
direction of rays 
passing through 
them. Try them 

Fis- 2°- with converging and 
diverging rays as well as with those that are parallel. 
It will be found that the same lens has more than one 
focus, according as the rays that fall upon it are parallel, 

c 
■feNM 

lllMMi 

Digi
tiz

ed
 by

 Ill
ino

is 
Coll

eg
e o

f O
pto

metr
y 



REFRACTION. 39 

convergent, or divergent. The point at which a lens 
converges parallel rays is its principal focus.1 

1 Since the amount of refraction of a ray through a lens depends 
upon the position of the tangents at the points where it enters and 
leaves the lens, the inclination of any such pair of tangents to each 

other may be regarded as the inclination of the surfaces of a prism ; 
and thus the whole lens is sometimes spoken of as a series of 
innumerable prisms, having their refracting angles turned away from 
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40 LIGHT. 

42. Meanwhile let us ask : What is the practical 
value of these lenses? Well, first there are lenses 
of such importance, that, but for their property of 
bending rays of light on to a single point, light itself 
would be almost useless to us. These are the lenses of 
the eye, by which the rays of light that fall from any 
object on to the visible surface of the eye are so 
refracted as to meet in focus just on the retina at the 
back of the eye, and there draw a tiny picture of the 
object. This is not so much putting your eye at the 
focus of meeting rays as putting the actual optic nerve 
there, one end of which spreading out in minute 
branches forms the delicate network called the retina, 
while the other end is in the brain. 

43. The curved eyeball, itself, which is full of 
transparent liquid, first refracts the rays, but there is 
a tiny double-convex lens1 suspended between it and 
the retina which causes further refraction. It is clear, 
then, that we cannot do without lenses, and we will 
now glance at some of the principal applications of 
artificial lenses. 

44. You may remember it was said in the first 
chapter that a star so distant that its light reaches us in 
too diffused a condition to render it visible, may 
become visible if a suitable lens be placed between it 
and the eye, collecting all the rays of light that reach 

the axis in a convex, or towards the axis in a concave lens. This is 
presented to the eye in a greatly exaggerated form in the accom¬ 
panying figure. 

1 If you can get a sheep’s eye and cut it open, you will find this 
lens inside, and if you hold it up to a candle, and place a sheet of 
white paper behind it, you will get an image of the candle on the 
paper. 

Digi
tiz

ed
 by

 Ill
ino

is 
Coll

eg
e o

f O
pto

metr
y 



REFRACTION. 41 

the larger artificial lens, and so bending them as to con¬ 
centrate them on the smaller lens of the eye. An 
artificial lens, then, can bring within the range of sight 
objects too distant to be seen by the naked eye. 

45. But it can also render visible objects which 
are too small to be seen by the unassisted eye, 
and that in this manner. To return to our friend 
the spider. The small black spider in Fig. 22 
is the object behind the lens. For 
the sake of clearness, only three 
lines are given as specimens of the 
rays of light that fall from it on the 
lens. They will, as we have 
already seen, be so refracted as to 
meet on the point b. But things 
always appear to be in the direction 
along which the rays fro?n the?n last 
reach our eye, and consequently to 
the eye of an observer at b, the 
spider’s front leg will not appear to be at a but at d, 

and his hind leg not at c but at e ; the same will be 
the case with the intermediate refracted rays, so that 
the spider will appear to occupy a much larger space 
than it really does, and will look the size of the dotted 
spider. This larger image will be a true likeness, an 
enlarged picture of the smaller one, and will enable 
us to study details that were before too small to be seen. 

46. If there were no lens between the spider and 
the eye, the rays of light from the extreme ends of 
the spider which meet in the eye would open at a 
very small angle; they are represented by the straight 
lines from A to b and from c to b in the figure : 
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42 LIGHT. 

you see that the angle they make with each other is a 
small one. But the refracted rays make with each 
other the much larger angle dbe. The magnifying 
power of the lens consists in the amount by which it 
can increase this angle, which is called the visual angle, 
or angle of vision. 

An arrangement of one or more lenses for producing 
this effect is called a simple microscope. 

CHAPTER VI. 

refraction—continued. 

47. In trying experiments on the refraction of light 

Fig. 23. 

through different shaped 
lenses you probably found 
that though the rays were 
all bent towards the same 
centre line, yet they would 
notallmeetona single spot. 
In Fig. 23, for instance, 
the outer rays meet on the 
point a, and the inner 
rays on the point b, so 

that no exact focus can be 
obtained. This inaccuracy, 
which is found when the 
curve is part of a sphere, 
is called spherical aberra- 
tionp and is remedied by 
making the curve bulge 
out more in the centre, so 

1 Aberration, from the Latin at errare, to wander away. 
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REFRACTION. 43 

as to bring the central rays more rapidly to a focus, or 
simply by excluding the outermost rays. The exact 
curve which will make the rays from all parts of the 
object focalise, or come to a focus, at the same point, 
can be discovered by mathematics, and very great 
attention has been bestowed on the curves of lenses by 
mathematicians, till they are brought to great perfection. 

48. But there is yet another source of confusion in 
looking at objects through lenses, and this is the 
different refraction of the different coloured rays in 
white light. The effect of this is to produce a ring 
of colours round the edges of the object looked at. 
The mixed rays of light falling from the object upon 
the lens are there differently refracted and divided, 
but they are so close together that the blue of 
one falls upon the red of another and the green of a 
third, so that this remixing produces the effect of white 
light again over most part of the surface, and it is only 
at the edges where the coloured rays do not find com¬ 
pensating colours that they are perceptible to us as 
rainbow fringes. 

This confusion of colours at the edges of the object 
is called chromatic aberration, and for some time proved 
so serious a difficulty that some of the great astron¬ 
omers abandoned the idea of getting a useful refracting 
telescope, because of the disturbing fringe of colours 
always produced, and so used reflecting telescopes 
instead. 

But the difficulty was got over at last. 
49. It was said in the last chapter that the spec¬ 

trum of light was made longer or more widely dis¬ 
persed by some transparent substances than by others, 
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44 LIGHT. 

and this is found to be the case with different 
kinds of glass. For instance, one kind of glass 
may make the length of the spectrum of light 
passing through it equal to one-thirtieth part of the 
length of the whole refraction; that is to say, if the 
light is bent by the glass thirty degrees out of its 
original path, then the spectrum will be as long as one- 
thirtieth part of this distance, that is one degree. Now 
if there is another kind of glass which makes its 
spectrum one-twentieth part of the length of its refrac¬ 
tion, then with a prism of this glass of such a shape as 
to refract the light only twenty degrees out of its 
original path, we should get its spectrum also just one 
degree in length, being one-twentieth part of its re¬ 
fraction. If a prism of the first glass refracted a beam 
of light thirty degrees to the right, with a dispersion of 
one degree, and the light were then caught upon a 
prism of the second glass and refracted twenty degrees 
to the left, also with a dispersion of one degree, how 
would the light finally come out ? It would come out 
refracted ten degrees to the right, for the second re¬ 
fraction only undid twenty of the first thirty, but with 
no dispersion at all, as the second dispersion would 
exactly neutralize the first. The light therefore 
would be quite white. 

50. The same principle can be applied to other 
forms of glass besides prisms, and it is found that two 
lenses, one of crown and the other of flint glass, can 
be so shaped as, together, to focalise the light on one 
point, and will then just correct each other’s dispersive 
power, and transmit colourless light. Such a compound 
lens is called achromatic or colourless. 
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REFRACTION. 45 

51. We must now return to the experiments on rays 
passing through lenses of different forms. We have 
seen already that the effect produced on parallel rays 
of light by passing through convex lenses is to make 
them converge, or lean towards a common centre line. 
You must have discovered also that the effect of concave 
lenses is to make parallel rays of light diverge or 
spread farther from each other. If instead of parallel 
we take convergent rays, that is rays that already lean 
towards each other, we shall find that a convex lens 
will make them more convergent, bringing them together 
more quickly, and a concave lens will make them less 
convergent. It may, if it be strong enough, convert 
them into parallel rays, or even make them diverge. 
Divergent rays will in like manner be made more 
divergent by a concave lens, but less divergent or 
parallel, or even convergent by a convex lens. 

52. The focal length of any lens is the distance 
between the centre of the lens and its principal focus, 
which you will remember is the point at which it will 
bring to a focus rays that were previously parallel. 
For instance, if parallel rays are focalised half an inch 
after passing through the centre of a lens, that lens is 
said to have a focal length of half an inch. 

We saw with the convex lens and the rays from the 
spider, Fig. 18, that all the rays carrying the picture 
of the spider meet and cross at one point, the focus 
of the lens. Where do the rays go afterwards ? 

53. They diverge again, crossing each other, so 
that the ray that was farthest to the right now 
goes farthest to the left. The rays are still each 
carrying with them the picture of that point of the 
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46 LIGHT. 

spider from which they came, and as they are still 
arranged in the same order or position to each other 
they still make a complete image of the spider all 
along their course ; a smaller image near the focus or 
crossing point, and a larger and larger one as they 
retreat farther from it: the image is inverted or 
upside down because the rays have crossed each 
other. 

An image like this does not throw out a sphere of 
rays all round like a real object, but only a cone of 
rays in one direction, so that it can only be seen by 
an eye in the right direction. But if you do get your 
eye into the right direction you may see the image, 
larger or smaller according to the distance from the 
focus, and you can apply fresh lenses to it, and by 
these means magnify a small object much more highly 
than with a simple lens. As some light is lost by 
reflexion at every fresh refracting surface met by the 
rays, it is necessary, when many glasses are used, that 
the object looked at should be highly illuminated. 

54. An arrangement of magnifying lenses, which 
simply increase the visual angle in looking at any 
object, is, as has been already said, a simple micro¬ 
scope. An arrangement for magnifying an enlarged 
and inverted image of the object, as explained above, 
is called a compound microscope. 

55. The object glass of an astronomical telescope 
produces just such an inverted image of the star or 
other object looked at through it, but the great dis¬ 
tance of the stars from the object glass causes their 
images to be very tiny compared with their real sizes. 
The image is brought near to the eye, and magnified 

Digi
tiz

ed
 by

 Ill
ino

is 
Coll

eg
e o

f O
pto

metr
y 



REFRACTION. 47 

in just the same manner as the image in the com¬ 
pound microscope. 

Note to Chap. VI. 
56. The cause of refraction appears to be simply the difference of 

resistance to the passage of the light in different media. 
57. That resistance is sufficient to cause refraction is shown 'by a 

simple and very satisfactory experiment, described by Mr. Tylor in 
the number of “ Nature ” for Jan. 1, 1874. He says, “ It occurred 
to me that an instrument made to perform refraction mechanically 
would be useful in teaching optics, and that such a contrivance 
would only require a pair of wheels running on a table, into and 
out of a resisting medium.” “ Pieces of a thick-piled velvety plush, 
known as imitation sealskin, are cut out to represent the sections of 
a thick plate, a prism, a convex, and a concave lens, and glued on 
to smooth boards. The runner consists of a pair of boxwood 
wheels, mounted loosely on a stout iron axle, and is trundled across 
the board.” In repeating these experiments, I have found that dry 
sand replaces the velvet with advantage, as any required resistance 
can be obtained by increasing the thickness of the sand, and the 
largest amount of resistance through which the wheels can pass 
smoothly serves the purpose best as producing the greatest refrac¬ 
tion. The sand also has the advantage of retaining the marks of 
the wheel-tracks. A mould of the shape in which the sand is 
required to lie should be cut out in pasteboard and laid upon the 
board, the sand, previously dried, dusted down upon it from a 
vessel over the mouth of which a piece of canvas is tied, the whole 
gently smoothed with a smooth book or anything large enough to 
cover it, and the pasteboard then lifted away. With wheels two 
inches in diameter, sand between a quarter and half an inch in 
thickness may be used, provided the board is tilted up just suffi¬ 
ciently to ensure that the wheels shall pass through it. 

When the runner strikes obliquely upon such a layer of sand, the 
wheel that first touches it is first retarded, and the other continuing 
to run at its old pace pulls the runner round so that it takes a fresh 
direction. If it is so set moving that it would emerge at the further 
side of the sand at a very oblique angle to its edge, the wheel that 
first issues gains so much upon the other that it turns and re-enters 
the sand before the second is ready to leave it, making in its fresh 
path an angle of equal obliquity with the edge of the sand. This 
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48 LIGHT. 

illustrates very prettily the phenomenon of total reflexion from the 

surface of a rarer medium. 
By passing wheels of different sizes through a prism of sand we 

obtain an illustration of prismatic dispersion, the smaller wheels 
being more refracted than the larger. Mr. Tylor adds, " For the 
information of any who may wish to reproduce this simple apparatus 
I may state the dimensions I have found convenient. The wheels 
may be i% inch and 2 inch, with rounded edges, mounted on a 
nearly % inch iron axle, turned down to 54 inch at the ends. 

CHAPTER VII. 

REFLEXION. 

It was said in the beginning of the second chapter 
that when rays of light fall upon any object, part of 
them enter the object and part are reflected from its 
surface. If the substance be transparent, the entering 
rays are refracted; if not, they are absorbed.. 

We have seen that by the Law of Refraction a ray 
of light passing from one medium into another of 
different density changes its direction and makes a 
different angle with a line perpendicular to the re¬ 
fracting surface, and that this difference of angle 
appears to be caused by difference of resistance in 
the two media. But in the case of reflexion, the 
incident and reflected rays being both in the same 
medium, we should expect to find that each makes 
the same angle with the perpendicular. And this is 

actually the case. 
58. It is the Law of Reflexion that the angles of 

incidence and reflexion are in the same plane and are 

equal to one another. 
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59. Take up again the round box (Fig. 3) showing 
the reflected and refracted rays. The first thing 
noticeable is the proportion between the reflected 
and the refracted parts of the light. When the slit 
which admits the beam is so placed that the light 
falls perpendicularly on the glass, the amount of light 
reflected is very small indeed; but on moving round 
the bottom of the box so as gradually to increase 
the obliquity of the incident beam, a larger and larger 
proportion of light is reflected. 

When light passes from air into water, the propor¬ 
tion of rays reflected varies from 20 out of 1000 at a 
perpendicular incidence up to 725 out of 1000 at a 
very oblique incidence. It is this great proportion of 
reflected light which makes the reflexion from the sea 
more dazzling at sunset than when the sun is high. 

60. By simply placing a sheet of white writing 
paper horizontally before a candle, and gradually 
raising it to the height of the eye, the increased 
amount of reflected light is easily observed. When 
looked at very obliquely, an image of the flame may 
be seen reflected in it. 

We must next observe the angles of incidence and 
reflexion. It will be well now to change the glass in 
the box for a piece of looking-glass which will reflect 
a much larger proportion of the incident light. (From 
this we see that the intensity of reflexion varies with 
different reflecting surfaces, even when the angle of 
incidence is the same.) The double reflected ray will 
still be seen, but now the lowest, or that from the 
silvered back of the mirror, is much the brightest. 

Every object which does not, like the flame of a 
D 
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5° LIGHT. 

candle, give out light of. its own, becomes visible to 
us by reflected light. We know that it is by the light 
of the sun shining upon the world that we see the 
hills and fields and trees which arrest and reflect his 
rays. 

61. Now, there are two different reflexions made 
by these objects. First, a portion of white light is 
reflected from the surface, this reflexion being much 
more considerable and visible in proportion as the 
surface is smooth and polished, as we may see in 
water or a looking-glass. Secondly, a portion of the 
light entering among the particles undergoes a further 
division. 

However solid any object may seem to us to be, its 
minute particles are not really quite close together, 
but there is a little, very little distance between them, 
and each particle has surfaces of its own. When the 
light gets in among these particles it is reflected back¬ 
wards and forwards among these innumerable surfaces 
—it echoes, as it were, to and fro, just as your voice 
reverberates when you shout in a tunnel or a cave— 
and some of it is finally sent to the eye. 

But the whole of it is not reflected. 
62. White light is, we know, compound, made up 

of many brilliantly coloured rays, and the particles of 
an object select and choose among these colours, 
reflecting some and absorbing others. We see a rose 
red, because its particles absorb the other rays of the 
spectrum and reflect the red. In its leaves, on the 
other hand, the red rays are absorbed among the 
particles, and green light is returned to our eyes. And 
in like manner everything is at work decomposing the 
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REFLEXION. SI 

rays of light, and choosing what to reflect and what 
to absorb. Not of course that the substance has any 
power to change its choice. The nature of its choice 
is impressed upon it by the nature of its structure, so 
that if we change the structure we shall change the 
light it keeps and reflects. Thus, copper is red, but 
if it be finely divided it becomes black. 

A white object reflects an equal proportion of all 
the rays : so do grey ones, but the total amount 
of light reflected by them is smaller, becoming less 
and less as the grey gets darker, until finally a per¬ 
fectly black object, in its blackest or shadowed part, 
reflects none of the colours. 

It is by these differences in the amount and kind 
of light reflected that the rays are able to bring us 
pictures of the objects around us. For instance, in 
the case of the spider spoken of in the last chapter, 
each portion of the spider’s body reflects varying 
amounts of light, and it is these exquisitely subtle 
gradations of the myriad rays reflected to our eyes 
from the spider’s body which together give us the 
impression of the spider. 

So, when the spider is seen through a lens, it is the 
light and shade, the collection of strong and feeble 
rays, that is bent by the lens, and united into a small 
and bright, or into a large and dim image. 

When a transparent substance such as glass or ice is 
broken up into a number of small fragments, the light 
in it is continually reflected, echoed backwards and 
forwards between the surfaces of the fragments and 
cannot get through at all, but some of it is reflected as 
white light; this is the reason why snow or crushed 
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52 LIGHT. 

glass look opaque and white, though they are formed 
of transparent substances. 

63. By means of the first or surface reflexion we see 
images in the looking-glass; by means of the second, 
we see the looking-glass itself. 

The two reflexions spoken of may be clearly seen 
in looking at grass on which the sun is shining; 
bright white light is reflected from the shining blades, 
as well as the subdued green light by which the colour 
is seen. A painter will be careful to notice which of 
these two lights predominates on different parts of any 
object which he is painting. The high light on any¬ 
thing is the point from which most of the white surface 
reflexion reaches us, and where it is at all brilliant it 
will overcome the second reflexion, or local colour, 
at that point, and must be represented by pure white. 
In painting a wreath of berries of the black bryony, last 
autumn, I observed that some of the berries when first 
brought in had no very high light upon them, but their 
brightest part was only a space of lighter local colour, 
rather large in proportion to the size of the berry. 
But as the berries ripened and became more polished 
from day to day, the high light became whiter, 
smaller, and more sharply defined, till at last each 
berry, at its ripest before it began to shrivel, pre¬ 
sented on the light side a minute, bright white picture 
of the window of the room in which they lay. They 
became in fact little spherical mirrors, reflecting 
regularly the light which had before been merely 
scattered round them by their comparatively uneven 
surfaces. 

64. Everything touched by light immediately begins 
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REFLEXION. 53 

to reflect light on all the things round it, and as they 
are all doing the same, these dimmed and partial 
reflexions constantly sent on from one thing to 
another, scatter and diffuse the light, subduing the 
bright direct rays of sunshine into common daylight. 
The reflexions from clouds and generally from the 
atmosphere do a large share of this work. 

65. Rays of light may be collected and brought to 
a focus by reflexion as well as by refraction. Let a b, 

Fig. 24, be a ray falling on a polished concave surface. 
Draw a tangent, or line just touching the curve at the 

point where the ray falls upon it, and a perpendicular 
to the tangent, as b c. The angle a b c is the angle of 
incidence, and another angle equal to this must be 
drawn on the other side of the perpendicular bc, as 
c b d, for the angles of incidence and reflexion are 
equal to one another. The reflected ray b d will be 
found inclined towards the axis of the concave 
reflector. 

In like manner a whole sheaf of parallel rays falling 
upon a regularly curved concave reflecting surface will 
all be deflected towards the axis, and if the curve be 
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54 LIGHT. 

suitable they may be brought to a focus upon some 
point of the axis. Such a reflecting mirror is free from 
the confusion caused by chromatic aberration, as all 
the coloured rays, though refracted unequally, are 

reflected equally, and it is therefore sometimes used in 
telescopes in preference to a refracting lens. 

66. Diverging and converging rays may also be 

F
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REFLEXION. 55 

brought to a focus by a concave mirror, more or less 
quickly. (Fig. 25.) 

If, on the other hand, parallel rays are allowed to 
fall upon a convex mirror, instead of being brought to 
a focus, they will be widely scattered by the reflector. 
(Fig. 26 a.) 

Divergent rays will be scattered still more widely, 
but convergent rays may be brought to a focus by a 
convex reflector. (Fig. 26B.) 

Having now to some extent studied the behaviour 
of rays of light when they meet with obstacles in their 
path, we must next inquire what is known about the 
cause of Light itself. In the next chapter we shall 
attempt to give an answer to this question. 

CHAPTER VIII. 

THE UNDULATORY THEORY. 

What is Light ? 
It is time the question were asked. 
What is that which, travelling with such inconceiv¬ 

able speed, is employed from moment to moment in 
delivering its telegraphic communications in our eyes, 
and exciting in our brain the power which we call 
sight ? 

Two only of the theories which have been advanced 
on the nature of light, need claim our attention. 

67. The first, known as the Emission Theory, and 
supported by the great name of Newton, suggested 
that extremely minute particles might be given off by 
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56 LIGHT. 

luminous objects, and entering our eyes give rise to 
the sense of sight, just as fine particles are given out 
by scented matters, and entering our noses give rise 
to the sense of smell. 

But as the phenomena of light were more closely 
studied, it was found that this theory could by no 
means be made to account for them all, and it has 
given way to the theory now generally held, that 
light is not matter at all, but motion, an extremely 
rapid vibratory motion. 

68. But if it be motion, what moves? First, the 
luminous body which emits light. When any sub¬ 
stance is raised to such a degree of heat as to become 
luminous, when it reaches what we call red heat, the 
particles are in a state of intensely rapid vibration; 
they are moving backwards and forwards like thousands 
of minute and active little pendulums. 

But something must convey the motion from the 
luminous objects to our eyes. Is it brought by the 
air ? If so, we should expect to find the motion come 
to an end and therefore the light to be extinguished 
on meeting with a vacuum—a place where there is 
no air. Sound, which is a wave motion in air, is 
extinguished in a vacuum, yet experiment shows that 
light will pass freely across it. Nay, look up at the 
stars. The vast spaces which separate us from them, 
through which their light passes to us, are not filled 
with air;—but can empty space either receive or 
communicate motion ? 

69. It is assumed—it is necessary to assume—that 
there is something by the movements of which the 
waves of light are communicated, and the Undulatory 
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THE UNDULATORY THEORY. 57 

Theory supposes all space, or at least all that space 
through which anything is visible to us, to be filled 
with an extremely fine and subtle substance, pene¬ 
trating even among the particles of liquid and solid 
matter. To this substance has been given the name 
of the luminiferous sether. 

Light then, according to the usually received theory 
at the present day, is a rapid vibratory motion, taking 
place in an aetherial substance capable of receiving 
and transmitting motion. The mode of transmission 
is what we have now to examine, and for this it is 
necessary to observe wave motions in substances that 
U'e can see and experiment upon. 

70. When a stone is dropped into still water, it 
displaces the water, which is for an instant heaped 
up round the spot where the stone fell. But the 
water cannot remain heaped up; it sinks again, and 
thus displaces and heaps up the circle of water next 
outside it, exactly as it was moved itself by the 
falling stone; but this circle will not be so high as 
the first, as the amount of actual displacement is 
spread over a larger space. The second circle of 
water sinks in turn and raises a still larger circle 
beyond, but again to a still less height. This opera¬ 
tion is continually repeated, but every time with less 
elevation until, if the piece of water be large enough, 
the motion becomes imperceptible, and the whole 
water has gradually taken the fresh level necessitated 
by the presence of the stone. 

71. Now observe; each particle has in its turn been 
heaved up for an instant and has then sunk again, and 
every particle at the same distance from the stone has 
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58 LIGHT. 

been heaved up at the same instant, and sunk at the 
same instant. The principal motion of the water has 
been up and down. But what has been the apparent 
motion to some one looking down at the water? You 
must have seen it again and again. The spectator saw 
a circular wave of heaped-up water running out in a 
larger and larger circle from the stone and becoming 
continually lower in height:—that is, though the water, 
we know, rose and fell, yet he saw something running 
away from the stone in all directions. Let us notice 
this carefully. The wave ran out in circles, while the 
water moved up and down. 

The movement up and down is a vibration, and the 
extent of the actual movement upwards and downwards 

A 

Fig. 27. 

is called the amplitude of the vibration. The inner 
circles of water being the most heaped up, their par¬ 
ticles rose and fell through a greater distance—they 
had a greater amplitude of vibration than the particles 
of the outer circles. As the wave of motion runs out, 
the moving particles have a continually decreasing 
amplitude of vibration. 

The direction of the movement of the particles is at 
right angles to the direction of the movement of the 
wave. 

Let a (Fig. 27) be the spot where the stone fell, and 
b d c part of the circular wave; then the line a d, 

which is a radius of the circle, is at right angles to the 
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THE UNDULATORY THEORY. 59 

small line e, which represents the up and down move¬ 
ment of the water. 

72. Now let us suppose that the cause of move¬ 
ment in the water is not a single stone once 
dropped in, but something striking in or upon the 
water at regular intervals. The first stroke upon the 
water will send out a circular wave in precisely the 
same manner as the stone, the second will start another 
wave in pursuit of the first, the third another, until, if 
the strokes continue, the surface of the water is chased 
out into circles of alternate heapings up and depres¬ 
sions, as in the accompanying figure.1 If the strokes 
are precisely equal to each 
other in force, then each 
successive wave will be of 
the same height in passing 
over a spot at a certain 
fixed distance from the cen¬ 
tre: for instance, at one foot from the centre every 
wave that passes will be of one height—at three feet 
from the centre every wave will be of another smaller 
height, as the amplitude of vibration of the particles 
is less at a greater distance from the centre. The 
particles will rise and fall through the same distance for 
every wave that passes, and consequently the move¬ 
ment of each separate particle is a perfectly regular 
seesaw or vibration up and down, faster or slower, 
according to the length of time between the waves. 

_& 
.v, x 

Fig. 28. 

1 The"water is supposed to be of equal depth throughout, and of 
considerable extent, and, therefore, free from the complications of 
motion which arise from an irregular bottom, or, for the present, 
from reflected waves. 

Digi
tiz

ed
 by

 Ill
ino

is 
Coll

eg
e o

f O
pto

metr
y 



6o LIGHT. 

If the strokes upon the water follow each other at 
perfectly regular intervals of time, then the distance 
from each wave to the next will be equal also; and in 
this case a line of water from the centre through the 
circumference of all the waves, will be divided into 
waves and depressions at precisely equal distances 
from each other, but with less and less differences of 
level. 

73. The distance from the crest of one wave to 
the crest of the next is called the wave length. If 
we knew the wave length and the number of strokes 

Fig. 29. 

upon the water in a given time, we could find the rate 
at which the waves are running out from the centre. 

74. For instance, let us suppose that the wave 
length (from a to b, Fig. 29) is one foot, and that 
the number of strokes, or 7-ate of vibration, is twenty 
in a second, then the first wave will have run out a foot 
from the centre by the time the second starts, that is, 
in a twentieth of a second. One foot in a twentieth of 
a second gives us a rate of twenty feet a second for the 
velocity of the waves. 

In like manner, if we know the velocity of the waves 
and the rate of vibration in the centre, the wave length 
can be calculated. If the velocity is twenty feet a 
second, and twenty waves start in a second, it is clear 
that they will be one foot apart. The rate of vibration 
also can be reckoned on knowing the wave length and 
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THE UNDULATORY THEORY. 6l 

velocity. If the waves are running at the rate of twenty 
feet a second, and are a foot apart, then twenty of them 
must have started in a second. The number of waves 
that reach the shore in any given time is the same as 
the number of strokes that started them in that time. 

75. Let us suppose the movements to be caused, 
not by a stroke upon the top of the water, but 
by something vibrating in the depth of the water. 
The wave of motion will still run out in the same 
manner, but it can now flow out equally in all direc¬ 
tions, upwards as well as sideways and downwards. 
The waves are not like rings but globes, not circular 
but spherical. The outward movement is like that of 
the film of a soap-bubble which is being blown out 
larger and larger. 

We have now described movements of the same kind 
as the movements which give rise to light. Every back 
and forward movement of the luminous particles sends 
out a spherical wave into the luminiferous aether, and 
as the vibrations of the luminous particles are equal 
and intensely rapid, the waves follow each other at 
regular and extremely minute distances, each particle 
of the aether making a brief excursion backwards and 
forwards at right angles to the direction of the wave, 
like the water particles. 

76. But the actual number of such vibrations and 
size of wave lengths of light are startling enough. 
The velocity with which the light waves run out is 
about 186,000 miles in a second (this number, you will 
remember, is given for the velocity of light in the first 
chapter); and the average size of a wave length is less 
than of an inch; that is, there are more than 
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62 LIGHT. 

fifty thousand in a single inch. From the velocity and 
wave length we can calculate the number of vibrations, 
and the above figures would make it 589,248,000,000,000 
in a second. 

Before accepting such a conclusion as this, we na¬ 
turally enquire on what evidence it rests. How is the 
velocity of light known, and how can the wave lengths 
possibly be discoverable? 

The answers to these inquiries must occupy another 
chapter. 

CHAPTER IX. 

MEASURINGS. 

77. The first suspicion that light had any measur¬ 
able velocity, that it was not transmitted instan¬ 
taneously, arose in the following manner:— 

78. Jupiter’s moons revolve round him in certain 
known orbits and in certain known periods, and 
the three nearest to him are eclipsed by his shadow 
in the course of every revolution. The time, there¬ 
fore, at which any one of them will be eclipsed 
by him and reappear on the other side can be 
calculated to a second by astronomers, reckoning 
from any one eclipse. But it was found that 
the calculated time of this eclipse rarely coin¬ 
cided with the time at which it was actually seen, 
being sometimes before it, and sometimes after it. 
This difference, which amounted at its greatest to 
several minutes, was not capricious, but increased and 
diminished regularly. Careful observation showed 
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MEASURINGS. 63 

that the observed time was most in advance of the 
calculated time when the earth in its orbit was nearest 
to Jupiter, and lagged most behind when the dis¬ 
tance between the earth and Jupiter was greatest; 
and the Danish astronomer Romer suggested the true 
cause of the variation, namely, the time occupied by 
the light in passing across the earth’s orbit. The 
greatest amount of variation is about 16 min. 27 sec. 
As the relative position of the earth and Jupiter at any 
given time, and the inclination of the planes of their 
orbits to each other, are known to astronomers, it only 
remains to know the actual size of the earth’s orbit in 
order to calculate the velocity of light. This velocity 
was reckoned by Romer to be 192,000 miles a second, 
but there has since appeared reason to believe that the 
size of the earth’s orbit was over-estimated, and that 
the true reckoning is nearer 186,000 miles a second. 

79. There is another method of estimating the 
velocity of light, discovered by Dr. Bradley in the 
phenomenon called the aberration of light. 

1 Imagine a tube six feet long set upright upon the 
earth, and a drop of rain falling perpendicularly through 
it. If the drop enters the middle of the top opening 
it will fall into the middle at the bottom, as may be 
easily seen if it is allowed to fall on to a screen which 
will be marked by its splash. But if, instead of re¬ 
maining still, the tube is gently and steadily moving 
forward, then the drop which entered at the middle of 
the top will fall a little behind the middle at the 

1 This passage is taken almost exactly from Herschel's Lectures 
on Light, where the explanation is so clear as to leave nothing to be 
desired by the most unscientific reader. 
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64 LIGHT. 

bottom, because the middle will have gone forward a 
little, while the drop was coming down the length of 
the tube. Suppose that on measuring we find that 
it fell an inch behind the middle, then we may reason 
in this way. The drop came down 6 feet in the 
time that the tube moved forward i inch, therefore, 
as there are 72 inches in 6 feet, the drop moved 72 
times as fast as the tube. If we know the speed at 
which the tube moved, we -have only to multiply it by 
72 to obtain the speed of the drop. We may make 
sure that the difference is not owing to any slanting 
in the rain itself, if on moving the tube at the same 
rate in the opposite direction we again find the drop 
an inch behind on the other side. 

Now, let the tube be a telescope, and the drop of 
water the light from a star. You will remember that 
the light of the star is a huge, outrunning spherical 
wave of vibrations. When the telescope is pointed 
straight at the star, part of this wave breaks upon the 
object-glass, the sether in which transmits the vibra¬ 
tions, refracting them so as to focalise the light, and 
bring it within the range of the eye-glass at the other 
end. If the telescope were perfectly still, the line 
along which we see the star, the line that joins the 
focus to our eye, would point straight to the star itself, 
and we should see it in its true place. But the tele¬ 
scope is not still. Nothing on earth can be still, while 
the earth itself is whirling forward in its mighty orbit; 
and consequently while the light is descending the 
tube, the telescope itself has moved forward a certain 
distance. The light still comes straight on, as the 
drop still fell straight down, but the movement 
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MEASURINGS. 65 

of the tube makes it appear to fall in a slanting 
line. 

Practically, to us it is not perpendicular, because 
the movement of the telescope has left it behind. If 
this presents any difficulty, try the following little 
experiment:—Take a mounted globe, dip your finger 
in water, and draw a line with it upon the globe 
straight from the north pole to the equator; the track 
of your finger will of course lie due north and south, 
and parallel to a meridian of the globe. Now, do the 
same again, while some one makes the globe rotate 
rapidly towards the east; the wet track will no longer 
lie north and south, but will be found as a long sloping 
line lying from north-east to south-west. It has been 
left behind by the globe, the equator of which rotates 
more rapidly than the poles, and instead of being 
parallel to the meridian it will make a considerable 
angle with it. 

In like manner, the movement of the telescope makes 
the light appear slanting. The line along which we 
see it no longer points straight to the star, and since 
we always see things in the direction from which their 
light last reached us, we no longer see the star in its 
true place, but a little aside from the centre. Now, 
the amount of displacement, though small, is measur¬ 
able, and its proportion to the length of the telescope 
gives us the proportion of the velocity of the earth in 
its orbit to that of light. 

A difficulty rises here which it may be well to clear 
away before going farther. How are we to know when 
the telescope is pointing straight to a star, except by 
seeing it in the middle of the glass ? 

E 
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66 LIGHT. 

As the exact position of any place on the earth is 
fixed by means of its latitude and longitude, so the 
exact place of a star in the sky is reckoned by means 
of a celestial latitude and longitude. With suitable 
machinery a telescope can be so set as to have its 
centre directed accurately towards any given spot in 
the sky, and if a star once seen upon that spot is after¬ 
wards found to have moved from it, the amount and 
direction of its motion can be readily detected. 

Now, for half the year the earth in her orbit is 
moving in one direction, and for the other half returning 
in the opposite direction : therefore, for half the year 
the star will be a little displaced to one side, and for 
half the year a little displaced to the other side. In 
fact, it will itself appear to move in a tiny orbit. 
Knowing this apparent movement to depend really 
on the earth’s movement (since its period is the same 
for all the stars), we infer that the true place of the 
star is in the centre of this apparent orbit, and accord¬ 
ingly fixing this spot by its latitude and longitude, we 
can at any time point the centre of our telescope 
towards it, and measure the amount of the star’s dis¬ 
placement. 

This method of investigation confirmed Romer’s 
estimate of the velocity of light, but both need the 
same correction as to the size of the earth’s orbit. 

An instructive illustration of aberration is seen in 
the raindrops falling on the windows of a railway car¬ 
riage. If the air be still they fall perpendicularly when 
the train is at rest, but begin to slant as the train moves, 
till they become nearly horizontal when a high speed 
is reached, being left behind in the course of their 
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passage down the glass by the speed with which the 
window moves forward. 

80. The next investigation into the velocity of light 
was made by M. Fizeau with an experiment of this kind. 

Suppose a screen with a small hole in it, through 
which a strong beam of light is sent on to a reflector 
placed at a considerable distance the other side of the 
screen. In M.Tizeau’s experiment it was rather more 
than five miles off. By adjusting the reflector it can 
be made to send the beam back, not through the same 
hole but through another of the same size and shape 
in another part of the screen. 

In front of such a screen was placed a wheel toothed 
like a clock wheel, having each tooth equal in size to 
the space between it and the next, and so arranged 
that when the first hole was covered by one tooth the 
other was just covered by another tooth of the wheel, 
and that as the wheel turned both holes became visible 
at the same moment between the teeth. The wheel 
was so connected with other machinery that it could 
be caused^ to revolve as fast or slowly as the experi¬ 
menter pleased, and also that the number of its 
revolutions in a given time could be ascertained. 

Now, if such a wheel begins to turn slowly, the light 
returning through the second hole will alternately 
appear and disappear as each tooth of the wheel passes 
over the opening and then leaves it clear again. But 
let the speed be gradually increased until ten of the 
teeth pass over the hole in a second, and then the 
light will be seen continuously, because every impres¬ 
sion made by light on the retina of the eye remains 
there for the tenth of a second before it is blotted out, 
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and if the successive lights follow each other within a 
tenth of a second it will never be quite blotted out. 
If the wheel goes on moving just at this pace the light 
will flicker, but with a little faster movement we soon 
obtain a steady continuous light. 

But now increase the speed very much: let it get 
faster, and faster, and faster, until, as we watch the 
steady light coming through the hole, we suddenly find 
that it is gone, that there is darkness there instead. 
What has happened now? The light is burning as 
brightly as ever, the reflector is still doing its work 
properly. But the speed of the wheel is now so great 
that by the time the light which passed through when 
the first hole was clear, has run its ten miles journey, 
and got back to the second hole, the next tooth has 
arrived there also, and the passage is barred. Now, 
knowing the size of the wheel, the number of its teeth, 
and the number of revolutions it was making in a 
second when the light disappeared, we can reckon 
in what fraction of a second each tooth passed through 
a space equal to half its own breadth, and this will be 
equal to the time taken by the light to run ten miles. 
For instance, if the wheel has 400 teeth, and is found 
to be making 23^ revolutions in a second when the 
light is thus interrupted, we may reckon thus : the 
tooth passed through a space equal to half its own 
breadth in of a revolution, and each revolution 
took place in of a second. Multiplying these two 
fractions together, we obtain for the fraction of 
a second in which the light travelled ten miles, and 

of a second for the rate of a single mile’s 

journey. 
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But let us still increase the speed, and we may reach 
a point at which the light will reappear. The tooth 
has now passed through a space equal to its own breadth 
in the time that the light has gone ten miles, and 
therefore the next hole is open by the time the light 
returns. In like manner we should find the light 
alternately appear and disappear as the hole is covered 
or passed by the second, third, and fourth tooth in 
their turn. 

81. The velocity of light was estimated by M. 
Fizeau at r96,000 miles a second, but his experiment 
was afterwards improved upon by M. Foucault, 
who, by a very ingenious arrangement of revolving 
mirrors, measured the velocity of light in a much 
shorter distance. His experiments, which were con¬ 
sidered very conclusive, gave a velocity for light of 
185,172 miles a second. This agrees very fairly with 
the astronomical measurements when they are cor¬ 
rected for the size of the earth’s orbit. 

These measurements are all made for the velocity of 
light in air, but by means of M. Foucault’s experiment 
the velocity has since been measured in various liquid 
and solid substances, in some of which it is found 
to move more slowly, as if it found some difficulty in 
getting through. 

Having thus formed some estimate of the velocity of 
the outrunning waves of light, we come to our second 
problem, the size of the wave lengths. 
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CHAPTER X. 

measurings—continued. 

82. The waves of the different coloured rays in the 
prismatic spectrum are not of the same length. The 
red or least refracted rays have the longest waves, 
and the violet or most refracted the shortest. The 
exceedingly delicate measurement of their actual 
length was effected by the following means. 

83. If a convex lens of very long focal length, 
such for instance as would be a slice off the surface 
of a glass globe 100 feet in diameter, be laid 
upon a flat piece of glass, both glasses being quite 
smooth and clean, then upon pressing them slightly 
together a number of coloured rings become visible 
through the glass, separated from each other by dark 
rings. The spot in the middle where the two glasses 
touch, is black, and the rings are arranged round it in 
the following order, reckoning from the centre. 

“ 1st series, very pale blue, brilliant white, very pale 
yellow, orange, red; 2nd series, dark purple, blue, im¬ 
perfect yellow green, bright yellow, crimson; 3rd, 
purple, blue, grass green, fine yellow, pink, crimson; 
4th, bluish green, pale pink inclining to yellow, red; 
5 th, pale bluish green, white, pink. After these the 
colours grow paler and paler, alternately bluish green 
and pink, and can hardly be traced beyond the seventh 
order.” 1 

84. The cause of these colours is successive 
reflexion from two surfaces very close together. 

1 Herschel. 
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When the light passing through the upper lens 
reaches the thin film of air enclosed between the two 
glasses, part of it is reflected from this upper sur¬ 
face of air, and part passes on to the lower surface, 
from which a fresh reflexion takes place. 

Now, what is it that is thus reflected? A succession 
of waves. 

Let us go back for an instant to the successive waves 
running outward in otherwise still water, which are re¬ 
presented in Fig. 28. If the first of these waves meets 
with an obstacle, such as might be presented by a 
floating buoy or by the bank, a wave of reflexion will 
instantly begin to run back again away from the 
obstacle. The original and reflected waves will, ac¬ 
cording to the law of all reflexion, make equal angles 
with the opposing surface. As the successive waves 
touch the buoy, successive reflected waves start on 
their journey away again. 

Returning now to our coloured rings between the 
glasses; we know that when the light touches the first 
surface of the film of air, part of it is reflected, that is 
to say, waves of light of the same velocity and wave 
length, begin to run back from it; when it reaches the 
second surface, a second set of waves, again of the 
same velocity and wave length, start in pursuit of the 
first, overtaking them at the first surface, and going on 
with them. 

85. If the crests of the second set of waves coin¬ 
cide with the crests of the first, and the troughs 
with the troughs, the effect will be to produce waves 
of double height—of double amplitude; but if, on 
the contrary, the second set are just so far behind the 
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first that the crests of one set coincide with the troughs 
of the other, the particles of aether, being pulled both 
up and down at the same moment with equal force, 
will not move either way; there will be no vibration, 
the wave is destroyed, and stillness takes its place.1 

The question whether the wave crests will coincide 
or interfere with each other depends on the proportion 
of the thickness of the film (the distance the light has 
to run forward and back again) to the wave length. 
It follows, therefore, that since the colours which make 

Fig. 30—Interference of two waves differing in phase by half a wave length. 

up white light all have different wave lengths, that 
colour which has just the right wave length to suit the 
thickness at any point, will gain double its former 
amplitude of vibration at that point, while other colours 
whose wave lengths do not suit will have their vibra¬ 
tions, partially or wholly, destroyed by interference. 
The brightness of light increases with the amplitude of 
vibration of the particles, so that this double amplitude 
gives double the brilliancy to this particular colour, and 
the thickness of the film being the same at the same 
distance from the point where the glasses touch each 
other, a ring of this colour will appear at this distance 
all round the central spot. None of the coloured rings 

1 This is strictly true only when the interfering waves are of equal 
amplitude, but in the thin films of which we are speaking the differ¬ 
ence of amplitude is so small that the conditions are fairly fulfilled. 
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MEASURINGS. 73 

so formed are of pure prismatic colours, as the other 
wave lengths that have their amplitude only partially 
destroyed by interference will still show enough to 
modify the colour. 

Before coming to the actual measurement of the 
wave lengths, another circumstance must be taken into 
account, which can, perhaps, best be indicated by 
analogy. 

86. Suppose that a line of people have to push in 
single file through thick brushwood, and that each man 
has his arms clasped round the waist of the one in front 
of him, like a party of children playing at French and 
English; also, suppose yourself one of them, some¬ 
where in the middle of the line, that you may more 
easily realise what it feels like. Now, if the hinder- 
most gives a push forward he will push the second 
against the third, the third will push against the 
fourth, and so the push, the wave of motion, will pass 
all along the line, and you, standing in the middle, will 
feel yourself pushed forward a little from behind, and 
this we will suppose to be the nature of the forward 
movement. But astheygo forward the first man suddenly 
conies out into a clearing. We will imagine, to make 
the illustration more vivid, that he has shut his eyes for 
fear of the brambles, and is pushing on without any 
idea that there is a clearing close in front of him. Then 
the moment the resistance in front of him disappears, 
he will fall forward a little, and, in falling, will give a 
pull to the man behind him, and this pull will pass 
along the line just as the push did before. You in the 
middle will suddenly be aware that instead of the push 
from behind, the strongest force acting upon you is a 
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pull from the front, and you will probably guess, in 
consequence, that the head of the line has got out of 
the wood. The pulling wave will be a wave of motion 
reflected back from the surface where the dense medium 
of the wood touches the thinner medium of the clear¬ 
ing. The pushing wave that ran forward to the clear¬ 
ing is changed into a pulling wave reflected back. 

Now if, on the contrary, instead of coming into a 
clearing, the man at the head of the line had run 
against something much denser than the brushwood he 
was passing through, if he had run his head against a 
tree, a wave of movements would indeed be reflected 
back through the line, but it would not be a pulling 
wave. The resistance of the tree trunk, supposing him 
to come against it with any force, would make him 
start back ; he would push back against the man be¬ 
hind him, and the reflected wave would in this case be 
one of pushes like the original wave. 

The point to observe is that when a wave of motion 
meets a denser medium, a wave just like it is reflected, 
but that when it meets a rarer medium, some change 
takes place in the reflected wave. 

Let us take another illustration. Suppose two men 
are thrashing together in a barn with the old-fashioned 
flails, and that their strokes fall alternately in regular 
time. If one of them hits suddenly upon a thoroughly 
rotten and crumbling plank in the barn floor, so that 
his blow does not meet with the resistance he ex¬ 
pected, he will be thrown out of time with his com¬ 
panion. 

Or if a wood-cutter, hewing at a tree, is giving a 
succession of regular rhythmical strokes with his axe, 
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this regular succession will not be interrupted by his 
meeting with a harder knot in the wood, although each 
stroke will then have less effect; but if he breaks 
through unexpectedly into a soft or rotten place, his 
blow, not meeting the expected resistance, will for an 
instant be thrown out of time. 

Again, suppose a regiment of soldiers in line cross¬ 
ing a sandy beach which is left pleasantly firm by the 
retreating tide ; the column which crosses a quicksand 
will be thrown out of step with the rest. 

Herschel illustrates this point by imagining a series 
of equal sized balls connected by an elastic string at¬ 
tached to their centres. If a similar separate ball be 
driven against one end of the line, a wave of “ com¬ 
pression ” or of “ pushing ” will pass along the line, 
and were the last ball of the series free it would start 
off; but being pulled back by the elastic string, the 
pull back is communicated again to the other balls, 
and a “ wave of extension ” or of “ pulling ” is re¬ 
flected back through the series. 

If beyond the first series is placed a second series of 
smaller balls (Fig. 31), leaving space enough for the 
play of a small ball placed in contact with the first 
set, then a portion of the original movement will run 
on, still as a pishing wave, through the smaller balls, 
while a weaker pulling wave is reflected back through 
the larger. The smaller balls represent a rarer medium, 
and the pulling wave, the wave reflected from the sur¬ 
face of a rarer medium. 

If, however, we change the smaller set for balls still 
larger than the first, these will represent a denser 
medium, and while a wave of compression will be sent 

Digi
tiz

ed
 by

 Ill
ino

is 
Coll

eg
e o

f O
pto

metr
y 



70 LIGHT. 

forward as before, the last ball of the first set will be 
driven back by its contact with a larger ball, and the 

reflected wave will in this case be 
also a wave of compression. 

Now it is found that waves of 
light, in the act of their reflexion 
from the surface of a rarer medium, 
are in like manner thrown out of 
time or out of step. A “ change of 
phase,” as it is called, takes place, 
(answering to the change from 
pushing to pulling in our first illus¬ 
tration), which does not occur in 
reflexion from the surface of a 
denser medium. A little consider- 
ation will show that this change of 

~ phase amounts to a change of half 
a wave length, for a wave length 
is the distance from crest to crest, 
or from hollow to hollow of the 
wave. 

87. Keeping this fact in mind, 
then, that light undergoes a change 
of half a wave length in the act 
of reflexion from a rarer medium— 
we are at last ready to measure our 
wave lengths. If the thickness of 
the air film at any one point is just 
equal to half a wave length or any 
number of half wave lengths of 

red light, then double that thickness, that is the 
distance run by the light in passing through and back 
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again, will be an equal number of whole wave lengths, 
and did no change take place at the surface of a 
rarer medium, then the reflected light from the first 
surface, and that from the second surface, just a whole 
wave behind it, would move together in unison, and a 
red light wave of double amplitude and brilliancy 
would be the result. 

But the wave reflected from the first surface, as the 
light passes into the film of air, was, in fact, thrown 
out of step in the act of reflexion, and this change of 
step is exactly equal to the loss or gain of half a wave 
length; so that instead of a difference of one wave 
length there will be a difference of half, or one and a 
half between the two waves. The crests of the one 
will coincide with the troughs of the other; they will 
destroy each other ; and instead of a doubly brilliant 
red light there will be an absence of all red light at 
this point. 

But if, on the other hand, the film be a quarter of a 
wave length wide, then the double distance will be 
half a wave, and this, with the addition of the half 
wave length gained at the first surface, will bring out 
the waves in unison, and the red light will flash out in 
double brilliancy. For this result one, or any uneven 
number of quarter wave lengths, is necessary, as even 
numbers of quarters are halves. 

The diameter of the red rings can be accurately 
measured, and the curvature of the lens being known, 
it becomes possible to calculate the thickness of the 
film under any ring;1 and as the thickness rises 

1 We will try to gain an idea of the manner in which this calcula¬ 
tion is made. Let bdf (Fig. 32) represent a circle of 5 feet radius, 
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gradually from nothing (at the point of contact of the 
glasses) we infer that the first or smallest red ring will 
become visible at the thickness of a single quarter wave 
length. 

In the central spot a double reflexion still takes 
place, from the under surface of the upper glass and 
the upper surface of the lower one, but here the dis¬ 
tance traversed by the light is so much less than a 
quarter wave length of any of the colours in light, that 

standing on a straight line GH; it is required to measure the 
distance of the point B from G H. Draw a line A d, the radius of the 
circle at right angles to G H, join A and B, draw B c at right angles 
to A D, and B E at right angles to GH. We can measure the length 
of the line B c which we will suppose to be 3 feet. Then becd is 

a parallelogram, and B E ■= c D. As radii of the same circle 
A D = A B = 5 ft., and be — a B — AC. We have now, therefore, 
only to find the length of A c. As A B c is a right-angled triangle, 
we know by Eucl. I. 47, that the square of A B = the sum of the 
squares of A c and B c. The square of A B is 25 ft., the square of 
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it returns to the first surface practically in the same 
phase as when it left it, and therefore is always 
thrown out of step by the loss of the half wave 
length at the first surface. In this case all the waves 
of light are destroyed, and the central spot appears 
black. 

88. These rings may be seen by means of a very 
simple apparatus. Over a piece of stout card or mill- 
board gum some black paper, upon this lay two clean 
and bright spectacle lenses, one upon the other, and 
over these again another piece of millboard with a 
round hole in the centre, somewhat smaller than 
the lenses, so as to keep these in place while per¬ 
mitting them to be seen. Then pass through both 
boards three screws, such 
as are used for fastening 
papers together, and screw 
up tight. The rings will 
appear between the glasses, 
and alterations of pressure 
here and there will make 
them slide about prettily. 

If a coloured glass is Fis- 33- 

bc 9 ft., which leaves 16 for the square of A c, and 4 ft. for the 
length of A C. Or more shortly, A B = 5 ft., B c = 3 ft. 

(A c)2 = (a b)2 - (b c)2 

AC— J(A B)2 - (B C)2 = J25 -9 = 4- 

Therefore b e = 5 - 4 ft. = 1 ft. 

In using the same method of calculation to measure the thickness 
of the film of air between two glasses, the curve bdk will represent 
the curvature of the lens (of which the radius A D is known), gh the 
surface of the flat glass, and bc half the diameter of one of the 
coloured rings. Then b e will be the thickness of the film beneath 
the ring under measurement. 
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used; the rings will be black and coloured, larger 
or smaller according to the colour used. 

It is possible to get rid of the change of step. If 
two glasses be used of different density, with a film of 
intermediate density between them, as, for instance, 
a film of oil of sassafras between light crown and 
heavy flint glass, then the two reflexions will be both 
from denser or both from rarer media. There will 
either be no change of step, or two changes neutral¬ 
izing each other. All the light will be reflected instead 
of being all destroyed, and the central spot will be, 
not black, but white. The diameter of all the rings 
will also be changed, as now the half and not the 
quarter wave lengths will be the favourable thickness. 

This method of measurement gives for a wave length 
of red light ssiss! and for violet light, at the other 
end of the spectrum, 3 of an inch. 

89. The same rainbow colours may be seen in 
a soap bubble, or indeed in any very thin film, 
whether of air or any other transparent substance ; but 
in the case of a soap bubble, or wherever the film is of 
a denser medium than the surrounding substance, the 
change of step occurs not at the first but at the second 
surface. In all other respects the phenomena are 
exactly similar. 

90. The colours seen on mother-of-pearl or other 
very finely grooved surfaces are caused in some¬ 
what the same manner, by the interference of 
waves successively reflected from the edges of the 
grooves, which must be near enough together to 
return waves with'very little difference of amplitude. 

91. We have now the velocity estimated at about 
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186,000 miles a second, and the wave length for red 
light at j3-g-68 of an inch. In 186,000 miles there 
are 11,784,960,000 inches, and in every inch are 
33,866 wave crests. It therefore follows, inconceivablv 
great as are the figures, that when we see red light 
399,109,455,360,000 waves must enter our eyes in 
every second, and this is also the rate of vibration of 
the luminous particles which emit the light. 

Such are the delicate measurements made practi¬ 
cable by mathematics, the marvellous instrument 
which enables us as well to gauge the star depths, as 
to declare the thickness of a soap bubble. 

Beginners are sometimes perplexed when, on work¬ 
ing through these calculations, they find that their 
results agree only in the larger figures with those 
sometimes given in books. The explanation is that 
these sums are generally done by logarithms, which 
begin at the larger end, and are not worked through 
down to the hundreds, tens, and units, but stated as 
round numbers. 

CHAPTER XI. 

DIFFRACTION. 

In the daylight or with any of the ordinary artificial 
means of lighting that are used, the light is so generally 
diffused and so frequently reflected among many ob¬ 
jects that the action of every point of light is masked 
by the action of every other, and we clearly may 
expect to learn more of what this action is by isolating 

F 
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82 LIGHT. 

a single point of light and studying its phenomena 
alone. These phenomena are very various and some 
of them very complicated. Two or three only of the 
simplest can here be described. 

92. If we close the shutters of a room into which 
the sun is shining, and admitting a sunbeam 
through a small hole let its light fall upon a screen 
of white paper held at right angles to the beam, 
it will appear as a small bright circular disk. It is 
better to fit a lens into the hole of the shutter. Then 
the focus of the lens will be a small brilliant point, 
the whole light from which, spreading in a cone, is 
received upon the screen. 

93. If we now cut off some of the light by intro¬ 
ducing a solid object into its path, and examine 
the shadow thrown upon the disk, we find that 
instead of having a sharp and definite outline the 
extreme edge of the shadow is misty and undefined, 
and fringed by rainbow coloured bands running 
parallel to the shadow in the lighted part of the disk, 
and growing gradually fainter as they retreat from the 
shadow. 

By placing a red glass in the path of the light we 
change the white disk into a red one, and the rainbow 
fringes give place to a series of bright and dark bands. 

To understand the cause of these appearances, we 
must, as usual, go back to consider the nature of 
the outflowing light. 

At the focus of the lens is an image of the sun, 
formed by the crossing at this point of all the rays of 
sunlight which came through the hole in the shutter. 
This image throws out, not a sphere, but a cone of 
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DIFFRACTION. 83 

light, made by the further passage of the rays after 
crossing. The cone of light consists of a series of 
waves flowing outwards from the focus towards the 
screen. For the sake of simplicity we suppose the 
light to pass through a red glass which sifts the rays, 
allowing only waves of a certain length to pass. 

Some of these waves, which break partly upon the 
screen and partly upon the lighted side of the object 
casting the shadow, are represented in a greatly 
exaggerated form in Fig. 34. 

The dotted lines represent the troughs of the waves, 
the continuous lines the crests. Where the light 
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passes the edge of the object, a series of secondary 
waves is formed, which spreading spherically, intersect 
the primary waves and reach the screen along with 
them. Where the crests of the primary and secondary 
waves cross each other, the light will be intensified, or 
again, where the troughs of the two sets of waves 
coincide, there will be increased light, but where the 
crest of one wave crosses the trough of another, inter¬ 
ference takes place and the light will be dimmed, or, if 
the two lights are equal in intensity, extinguished. 
Consequently the screen will show a succession of 
dark and bright bands beyond the edge of the shadow. 
Only one dark band is shown (b, Fig. 34) on account 
of the large scale on which the waves are drawn. 

These bands or fringes decrease rapidly in brilliancy, 
because the power of the secondary waves diminishes 
in proportion as the direction of their motion is 
farther from that of the primary waves. For the same 
reason, the sideway spreading cf the secondary waves 
carries light but a little way within the actual shadow, 
though it is sufficient to render the edge misty and 
undefined. 

It is obvious from the diagram, that with shorter 
wave lengths the bands would be smaller and closer 
together : consequently, where white light, which con¬ 
tains all the wave lengths, is employed, places that 
are dark to red light may be light to blue, and, in fact, 
we find by experiment that instead of simple bright 
and dark bands we have a series of rainbow-coloured 
fringes round the shadow. 

The edges of the bright and dark bands are not 
sharply defined, but fade gradually into each other. 
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We should expect to find this so, for since the centre 
of the bright band is the point of greatest harmony, 
and the centre of the dark band the point of greatest 
interference between two sets of waves, it is obvious 
that between these points there must be partial inter¬ 
ference gradually increasing or diminishing in amount 
as we pass from one band to another. 

Fig- 35—B C represents the width of the hair. 

94. When the shadow is cast by a very narrow 
object, such as a hair, the exterior, fringes caused 
by the interference of the primary , and secondary 
waves are seen on both edges of the shadow; but in 
this case we find further that the two series of secondary 
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waves, starting from each side of the hair, intersect and 
interfere with each other within the limits of the sha¬ 
dow itself, making a series of interior fringes (Fig. 35). 

There is, moreover, this peculiarity. As the 
secondary waves start from each side at the same 
instant, in the same phase of vibration, and travel 
with the same velocity, the central spot a of the 
shadow, which is equally distant from both edges, 
receives light of all wave lengths in the same phase 
of vibration, and therefore reflects white light. Conse¬ 
quently, down the very centre of the shadow, just 
where we should naturally have supposed it to be 
darkest, we find a line of white light. 

This, will be made clearer by an illustration. 

Let a b, Fig. 36, represent an obstacle on a road, 
and suppose that two men walking together from c 
pass one round each end of it and meet again on the 
other side at d. If they leave a and b precisely at 
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the same moment with the same foot forward, and 
take steps of exactly the same length, they will both 
reach d with the same foot forward, because they will 
both have come just the same distance. But if they 
meet at e instead of at d, the man from a will have 
to take, let us say, one step more than the man from 
b, because he has a longer distance to come : at e, 
therefore, we shall find that one man has his right foot 
forwards and the other his left : they are out of step. 

If, however, they meet at f, the man from a will 
have to take two more steps than the man from b ; he 
will have his right foot forward again, and they will be 
in step. 

Now, waves of light are out of step and interfere 
with each other when their phases differ by half a wave 
length, and consequently we find that the interior dark 
bands (Fig. 35) occur where their distance from b and 
from c differs by half a wave length. The figure 
shows that the actual width of the bands must depend 
on the distance of b c from the screen. 

These interior fringes can only be produced where 
the shadow is narrow enough to allow the secondary 
waves to meet before their rapidly diminishing strength 
is too far spent to render their interference visible. 

95. In the first of these cases—that of the exterior 
fringes—we have the interference of primary with 
secondary waves. In the second—that of interior 
fringes—the interference is between two series of 
secondary waves. The first was caused by one edge 
of a shadow, the second by the two edges of the same 
shadow brought very near together. We have yet a 
third case to investigate. What will be the result of 
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gradually bringing together the edges of two different 

shadows ? 

Draw on two cards two sets of bands like those in 

Fig. 37, roughly shaded to show their degrees of 

darkness, and let the darkest band be to the right 

hand on one, and to the left hand on the other. 

Fig- 37- 

These are to represent the exterior fringes of two 

shadows, not yet near enough together for interference. 

Lay them as in the figure, so that the lightest shadow 

bands lie side by side in the middle without overlapping. 

Now, narrow the slit of light between the two edges 

by slipping the cards further across each other till the 

pale shadow bands on each side, a a', lie over each 

other. Let us see precisely what is the state of things 

here. Each of these two pale shadow bands is formed 

by the interference of secondary with primary waves, 

and when they overlap, the interference of each set of 

secondary waves is with the same primary waves. The 

secondary waves in this case are in harmony with each 

other, having travelled an equal distance from their 

origins, the edges of the slit, but are out of harmony 

with the primary waves. 

If the one set of secondary waves had been as strong 

as the primary, we should have had complete inter¬ 

ference and absolute blackness along the shadow line, 

and in that case the introduction of the second set of 
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secondary waves would have partially restored the 
light, by harmonizing with and strengthening one of 
the contending parties. But the primary waves, hav¬ 
ing a much greater amplitude, and therefore intensity, 
than the secondary, the light was only slightly dimmed 
by the first interference, and the addition of another 
set of waves, harmonizing with and strengthening the 
weaker series, doubles the amount of interference. 
Consequently, the overlapping gives us a central band 
twice as dark as either of the original bands. The 
bands on each side, not having been yet affected, 
remain precisely as they were. 

Now slip the cards on again till each pale shadow 
band coincides with a light band, a1 with b and a with b 
What have we here ? The light band means harmony 
between the primary waves and one set of secondaries. 
The other set, represented in the pale shadow band, is 
out of harmony with both. 

If the second set were equal in strength to the first, 
all it could do would be to annihilate these, and leave 
the primary waves alone ; but the second set is not so 
strong as the first, being farther from its source and 
farther from the direction of the primary waves. Con¬ 
sequently it only partially interferes with the first 
secondaries, and the result is a central light band of 
double width, but not so bright as the other light bands 
d and d', which are produced by the harmony of the 
primary waves with the intenser part of the secondary 
waves, and are not interfered with at all. 

Move the cards again in the same direction till the 
first shadow band on each side, a and a', corresponds 
with the second on the other, c and c. The light 
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bands, b, d and d', are now all bright, since all the 
light that reaches them from the primary and all the 
secondary waves is in harmony, but in the dark bands 
the light of the primary waves is out of harmony with 
both series of secondary waves. The visible result 
here depends upon the relative intensity of the waves. 
If the intensity of vibration of the primary waves is 
equal to the sum of the intensities of the secondary 
waves the interference will be complete and the band 
will be black. If it is greater there will be a residue of 
light from the primary waves, which will diminish the 
blackness; if it is less, there will be a residue of light on 
the side of the secondary waves which will likewise 
diminish the blackness. 

96. These bands and the series of changes here 
described may be seen under favourable circum¬ 
stances without any apparatus at all. On looking 
through the fingers at any bright light, such as a sunny 
white wall, delicate shadow lines become visible round 
the curves of the fingers, separated from them and 
from each other by bright lines. The eye and hand 
should both be in shadow, and some attention must be 
paid to the focussing of the eye most favourable for 
seeing the lines distinctly. On gradually approaching 
two fingers to each other, all the changes above 
described may be seen. First the central dark line, 
caused by the overlapping of the two pale shadow lines, 
then the central space of double width and dimmed 
brightness, and finally two very dark lines between three 
bright ones. It is difficult to bring the fingers still 
nearer without closing the slit altogether, but it might 
be done with a slit that had sharp edges. 
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If instead of looking at a white surface, we look 
through the chink between the fingers at a distant 
candle or gas light, we shall see a most beautiful and 
brilliant spectrum.1 

97. We have notdone yetwith the appearancesof light 
seen through a narrow slit. Simply looking through the 
fingers in broad daylight, two shadow bands round each 
finger are probably all that can be distinguished, but if 
we transfer the experiment to our cone of red light in a 
dark room, we may obtain a considerable series of dark 
and bright bands, gradually diminishing in intensity. 
Now the secondary waves, which, by their intersections 
with the primary waves, form these bands, spread 
spherically from their point of origin, and therefore 
run as far into the shadow as they do out into the light. 
Consequently, if we gradually narrow the slit, letting the 
1 st, 2nd, 3rd bands of each side pass one after 
another into the opposite shadow, the secondary waves 
which formed these bands will intersect and interfere 
with the other secondary waves which they find within 
the shadow, giving rise to a fresh set of interior fringes. 
If we go on narrowing the slit until all the shadow 
bands have run over into the opposite shadow, we shall 
be left with a brilliant central line of light, formed by 
the overlapping of the first bright band on each side, 
and a series of dark and bright bands on each side of 
it, continually diminishing in intensity and stretching 
away into the shadow on either side. 

98. When the light passes through several fine 
slits placed closely side by side, as in a fine grating, 
a series of bright and dark bands is also formed, 

1 The experiment is best tried in a church, as the distances are great. 
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9 2 LIGHT. 

though their origin is in this case more complicated, 
and when the red light is replaced by bright white 
light, the bands change to a series of brilliant spectra, 
all having their violet ends turned inward towards the 
light. 

99. We have learned already (36) that spectra 
produced by refraction through prisms vary in length 
or amount of dispersion with the material of the 
prism, and they vary also in the proportion of 
length of the different colours ; but these diffraction 
spectra, being produced simply by the interference of 
light waves in the air, are free from such variations, and 
the position occupied by any colour being due solely 
to its wave length, they are therefore often preferred 
for the study of spectrum analysis. 

100. It is not always possible for the student 
to command a dark room at his pleasure ; indeed, 
it is a matter of considerable difficulty to make a 
room perfectly dark ; but the principal phenomena of 
diffraction may be easily observed by means of a 
simple pasteboard tube, blackened inside and having 
its ends closed by moveable caps. 

Make such a tube about 12 inches in length, and 
with a sharp penknife or razor cut a single very fine 
slit in the cap at each end, and place them parallel to 
each other; on looking through it at the sun, a series 
of vivid and beautiful spectra will be seen. 

For observing the diffraction caused by a single edge 
of a shadow or by a hair, it is better to fit a small lens 
into the cap farthest from the eye, then the object to 
cast the shadow can be placed in the body of the tube. 
The experiments can be varied at pleasure, by making 
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DIFFRACTION. 93 

caps with apertures of different shapes or numbers, and 
by admitting the light through coloured glasses. You 
will of course not look at the sun through a lens with¬ 
out protecting the eye by deep-coloured glass. 

A word of caution will perhaps not be out of place. 
Do not be disappointed or imagine your experiments 
a failure if you see little or nothing at the first glance. 
These phenomena are possibly new to you, and delicate 
lines are not always instantly detected by an un¬ 
practised eye; but watch the edge of the shadow with 
attention for a few minutes and you will probably be 
repaid by an increased power of seeing. 

101. Reasonings of the same kind as those given 
above will explain most of the phenomena of diffrac¬ 
tion, but if the light is admitted through openings 
of different forms or through several openings 
near together, or if the shadows are thrown by 
slender objects of irregular shapes, such as feathers 
or lace, their diffraction spectra, interlacing and 
interfering, may produce figures of the most com¬ 
plicated or most fantastic shapes; and it becomes 
proportionately difficult to calculate them beforehand, 
as any number of series of secondary waves from 
different points may reach the screen together. 

102. For instance, when the shadow is thrown by 
a tiny circular disk, the secondary waves starting 
from every point round its edge will meet and cross 
on every point of the shadow as well as on every 
point for a little distance beyond its margin. In this 
case coloured rings are formed both behind and 
around the disk, and if a distant light is looked at 
through a scattered crowd of tiny round bodies, their 
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94 LIGHT. 

rings blend together to form a large coloured circle 
round the light. This is the origin of the halos 
occasionally seen round the sun and moon in a fog, 
where the diffraction is caused by minute globules of 
water in the air, or round a candle when the eyes are 
misty. It is easy to produce an artificial halo by 
breathing on a flat piece of glass and looking through 
it at a flame. 

If you will procure a little ‘ lycopodium ’ from the 
chemist’s, and, scattering it on a piece of window glass, 
look through it at a distant candle, you will see a 
beautiful halo of coloured rings. The powder 
holds on securely enough for a little while. If the 
powder be shaken across a sunbeam, you will be 
able to observe for yourself the formation of a halo in 
the air. 

When the attention has once been called to the 
beautiful phenomena of diffraction, they will be ob¬ 
served everywhere: almost every flash of bright 
reflected light will betray colours, and all the vivid 
spectra of the diffraction grating will be readily 
detected in the passage of direct sunlight through the 
half closed eyelashes. 

CHAPTER XII. 

THE SPECTRUM. 

103. Hitherto, we have spoken of light as if it 
were always one and the same thing, but practically 
we know that there is much difference between 
lights. We can distinguish the light of a candle 
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THE SPECTRUM. 95 

from that of a lamp, an oil lamp from a spirit 
lamp, both from the light of gas, or magnesium 
wire, or of the electric spark. The coloured lights 
used in fireworks are produced by the burning of 
different chemical substances; and we now desire to 
know what are the real differences between the ob¬ 
viously distinct kinds of light derived from these and 
other sources. 

The answer to this question is afforded by the 
spectroscope. 

104. It has been already stated (37) that the 
spectroscope is an instrument furnished with 
prisms for the purpose of examining the spectrum 
of any kind of light. In the simplest form of 
spectroscope, the light to be examined is first ad¬ 
mitted through a very narrow slit into a short tube, 
whose other end is fitted with a lens, having a focal 
length of the length of the tube, so that the slit is just 
in the focus of the lens. The object of the lens is to 
render the rays which emerge through it parallel, that 
the light may not be weakened by divergence. 

105. The light which comes through the tube is next 
caused to fall upon a prism, of which the refracting 
edge or angle (the edge in which the two refracting 
surfaces meet) must be set parallel to the slit. If 
the prism (always keeping the refracting edge paral¬ 
lel with the slit) be turned round upon itself, the 
spectrum or band of dispersed light formed by it 
will move round also; but it cannot be brought 
very near to where the unrefracted light would fall 
if there were no prism. When the spectrum approaches 
within a certain distance of this place it begins to 
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96 LIGHT. 

move away from it again even though the prism be 
still turned in the same direction. The point at 
which the spectrum begins to reverse its movement 
is called the point of minimum deviation, and is 
that at which the rays entering and leaving the prism 
make equal angles with the two refracting surfaces. 
In this position the prism must be fixed. A cover 

Fig. 38—Kirchhoff's Spectroscope. 

blackened inside to exclude stray light is placed 
over all, having two holes in it, one for the tube 
to pass through, and an eye-hole just where the 
spectrum falls, through which to view it. 

In more elaborate spectroscopes the dispersion is 
increased by passing the light through many prisms, 
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and the spectrum magnified by viewing it through a 
telescope. 

106. It is well known that a solid substance 
becomes luminous, gives out light, when it is 
heated. For instance, a lump of coal is visible 
only by reflected light as long as it is cold, but 
when it is heated in the fire it begins to give out 
light. It is red at first; but if heated more and 
more in a furnace the light at last becomes a 
dazzling white. Now, if the coal be observed 
through a spectroscope in all the stages of its heat¬ 
ing, it will be found that when it first becomes red 
hot, the red or least refrangible rays become first 
visible; as the heat increases, the orange, yellow, 
and green colours appear also, till at last, when it 
reaches white heat, all the colours of the spectrum 
are present in its light. 

107. We have in such a spectrum light of every 
degree of refrangibility between the two extremes of 
visibility; this is called a continuous spectrum, and 
a like continuous spectrum is shown by every solid 
or liquid substance which can be brought to the 
same degree of heat. At the same temperature 
every solid and liquid substance emits the same kind 
of light. 

108. But when instead of a solid or liquid sub¬ 
stance, we observe gases or vapours heated till 
they become luminous, we find quite a different 
phenomenon. They for the most part give out 
light not of every refrangibility, but only of certain 
definite refrangibilities—not of every wave length, 
but only of certain definite wave lengths. 

G 
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109. For instance, if common salt (chloride of 
sodium) be heated till it turns into vapour, and the 
light of the glowing vapour be examined through 
a spectroscope, the whole light from it will be found 
situated in the yellow of the spectrum. 

By heating a solid more highly we get more refran¬ 
gible rays, but no change of temperature will show 
either red, blue, or violet rays in sodium vapour; it 
will always give the same band of yellow light, and 
nothing else. When the spectroscope has a great 
dispersing and magnifying power, the single yellow 
band may be seen to be composed of several fine lines of 
yellow light, and these are always situated on precisely 
the same points in the spectrum, answering to precisely 
the same wave lengths. 

If the salt is heated in a common candle flame, the 
continuous spectrum of the candle is visible as well as 
the bright yellow sodium band, but a gas burner, 
known as Bunsen’s burner, which gives a colourless 
flame, is most convenient for the purpose of these ex¬ 
periments. 

When the vapour of lithium is observed, it is found 
to give a red and a yellow line : the vapour of each 
substance has its peculiar set of lines, and in some 
cases these are very numerous; thus iron vapour gives 
not less than 450 lines : but in every case all the 
different lines are so absolutely fixed to their proper 
places that they can always be known by their position 
on the spectrum, and may be recognised at a glance 
by those who are acquainted with them. Many hun¬ 
dred lines peculiar to different substances have been 
mapped with great accuracy. 
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no. Mixing different substances together does 
not confuse their lights : each still gives out only 
light of those wave-lengths or refrangibilities which 
are proper to it, and the spectrum of a flame 
in which many vapours are burning will show 
the lines of all ranged out in their proper places. 
Very minute quantities of substances will show them¬ 
selves by the peculiar refrangibility of their light, and 
thus the spectroscope becomes the most delicate 
analyser of compound substances. 

in. Besides these continuous and bright line spectra 
there is a third class, known as dark line or absorption 
spectra. 

The subject of Absorption of Light has already been 
spoken of in the chapter on Reflexion. We have seen 
that all coloured substances exercise a selective power 
upon the light, and absorbing light of certain colours, 
that is of certain wave-lengths, reject the rest, which 
are reflected from it and which constitute what is 
called the colour of the object. 

Now the vapours of the elements exercise a similar 
selection upon the rays of light transmitted through 
them: each of them, while transparent to all the rest 
of the continuous spectrum, absorbs wholly or in great 
part the light of those special refrangibilities which it 
gives off when rendered luminous by heat. So, if the 
spectrum of a flame be looked at through a vessel con¬ 
taining cool sodium vapour, the continuous spectrum of 
the flame will be found interrupted by a black band 
situated precisely on that place in the spectrum where 
the yellow sodium band occurs. The vapour has per¬ 
mitted all the rays from the flame to pass through 
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it except those ordinarily given off by sodium 
vapour. 

The same will be found true of other vapours : each 
stops its own light : and if there are mixed vapours in 
the vessel, the dark lines produced by their absorptions 
may all be recognized in their own places upon the 
continuous spectrum. 

There are, then, these three kinds of spectra :—con¬ 
tinuous spectra, produced by incandescent solids or 
liquids,—bright line spectra, produced by luminous 
vapours,—and dark line, or absorption spectra, produced 
by the light from incandescent solids or liquids seen 
through certain media. 

It is found that not only vapours, but some other 
media called transparent, are transparent only to light 
of certain wave-lengths ; thus blood and some other 
liquids give characteristic absorption spectra. 

112. It follows from what has been said above, 
that the nature of anything emitting light may be 
determined by the spectroscope. If its spectrum 
be continuous, we recognise it for incandescent solid 
or liquid; if of bright lines, we may be able to pro¬ 
nounce not only that it consists of glowing vapour, 
but what the vapour is; and if of dark lines, that 
light of a continuous spectrum has at some period of 
its journey to our eyes passed through vaporous or 
other transparent media, and we may also state of 
what the media consisted. 

113. The first eager inquiry then is, which of 
these three kinds of spectra is given by the sun’s 
light? The spectroscope immediately answers, an 
absorption spectrum. The solar spectrum is crossed 
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by hundreds, nay, thousands, of fine dark lines, and 
many of these lines have been identified, so that we 
can say, the sun’s light on its way to us has passed 
through vapours of iron, sodium, nickel, manganese, 
hydrogen, &c. Are these vapours, then, in the 
sun’s atmosphere, or in that of the earth?' If they 
belong to the earth’s atmosphere, the spectra of the 
stars’ light which comes also through our atmosphere 
will show the same. 

114. We ask the stars the question by means of the 
spectroscope. They also show absorption spectra, but 
not the same as the sun’s, and the stars differ one from 
another. We presume, then, that the greater part of 
the lines are due to vapours in the atmosphere of the 
sun and stars : some belong to that of the earth, and 
these are more conspicuous and numerous when the 
sun is near the horizon, as its light then passes through 
a greater thickness of the atmosphere than when it is 
high in the sky. 

The moon and the planets, shining by reflected sun¬ 
light, only give us fresh editions of the solar spectrum. 

115. But how wonderful are the revelations thus 
made to us of the constitution of the sun and 
stars. They glow with a heat intense enough to 
keep substances, such as iron, constantly in the con¬ 
dition of vapour in their atmospheres, these vapours 
acting as absorbents upon the light emitted by the 
glowing nucleus, and thus producing the dark lines. 
The absorbing vapours are themselves luminous, and 
give out light of precisely that refrangibility which they 
stop ; but while the light of the nucleus illuminates all 
the rest of the solar spectrum, only this comparatively 
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faint light from the cooler outskirts of the sun’s atmo¬ 
sphere falls upon the dark line spaces, which, therefore, 
appear dark by comparison. And from the position 
of the dark lines we know to a considerable extent 
what the sun and stars are made of, and that they are 
made of much the same materials as our dwelling place, 
the earth. 

We see, then, that the visible universe is not only 
governed throughout, as we are taught by astronomy, 
by the same laws of motion, but that it is apparently 
constructed throughout of the same materials. 

In addition to its investigations into the mysteries of 
light, the spectroscope affords valuable information on 
the other properties of the solar rays—heat and chemi¬ 
cal action—with which we are not now immediately 
concerned. 

If, as is not unlikely, the study of the spectrum ex¬ 
cites special interest and delight, the reader is recom¬ 
mended to turn for further information to the treatises 
of Professor Roscoe or Dr. Schellen. 

CHAPTER XIII. 

THE RAINBOW. 

The extreme beauty of the rainbow, and the circum¬ 
stances under which it appears, have always rendered 
it one of the most attractive and most constantly ob¬ 
served of all optical phenomena; and though the 
account of its formation is a little complicated, we 
are now in a position to understand something about it. 
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THE RAINBOW. 103 

116. It is well known that the rainbow is only 
seen when the sun is shining on drops of water, 
as in a rain cloud, the spray of a fountain or waterfall, 
or other cases where water is finely divided, and that 
the spectator sees a bright rainbow only when his back 
is turned to the sun. 

117. It is produced by the refraction and reflexion 
of rays of sunshine within the drops ; and we must 
begin by tracing the paths of the incident rays in a 
drop of water. For the sake of simplicity, we will 
first consider the case of red rays only, as if the light 
had passed through a flat piece of red glass. 

When a number of parallel red rays fall upon the 
drop, they are each divided at the first surface, part 
being reflected and part refracted. The entering rays 
pass through to the further side of the drop, and are 
there again divided, part being reflected in the interior 
and part passing out. Those which are reflected return 
to the front of the drop (at an angle equal to that of 
their incidence on the reflecting surface) and are divided 
for the third time, part suffering a second reflexion, and 
part being refracted. (See fig. 39.) 

118. Now, it was said in the last chapter (105) 
that there is one position of a prism in which the 
deviation of light, or the angle between the path of 
the refracted ray and that which it would have 
pursued if unrefracted, is less than in any other. It 
is that at which the incident and refracted rays make 
equal angles with the refracting surfaces. This is called 
the position of minimum deviation. 

119. Rays which are refracted in this position 
deviate less than those in any other, and rays which 
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fall very near to this point have very little difference 
of deviation ; consequently, there is—just about the 
place of minimum deviation—a bundle or pencil of 
rays, having their deviations almost equal to one 
another, and therefore being very nearly parallel. 
And since parallel rays carry much brighter light in 
their journey through space than those that are weak¬ 
ened by divergence, and the more nearly rays approach 
to parallelism the brighter will be their effect, these 
almost parallel rays are called effective rays. 

Exactly the same thing happens with a sphere as 
with a prism ; the pencil of rays issuing at the point 

where the angles of incidence and emergence are equal, 
consists of effective rays, having almost exactly the same 
deviation, and therefore being very nearly parallel. 

p q r s e, Fig. 39, is intended to represent the 
course of the effective red rays in a drop of water. 

The sun’s rays, coming from beyond p, shine upon 
all that side of the drop, and are everywhere being re¬ 
fracted and reflected, but to an eye stationed at e, only 
those red rays are effective which, entering about q, 
where they undergo refraction, are reflected from r, 
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THE RAINBOW. 105 

and issue from the drop at r, for these only fulfil the 
condition of entering and issuing from the drop at 
equal angles. 

It follows, then, that an eye so placed as to receive 
the effective rays issuing from the drop of water, will 
see much more brilliant red light than an eye which 
receives any of the other rays. 

When the morning sun is shining upon dewy grass 
you may observe that some of the dewdrops reflect 
dazzling light of one colour or another, while others, 
though visible, have no special brilliancy. In this 
case your eye is so placed as to receive effective rays 
from the bright drops, but not from the others. Move 
a little to the right or left and the bright drops lose all 
their vividness, while others, for which the eye has 
now assumed the effective angle, flash out instead. 

120. Now, for the red rays to be effective the 
anglep t e, Fig. 39, must be equal to 420 2 , or nearly 
half a right angle, and therefore the deviation (or 
difference between the path of the refracted ray and 
that which it would have pursued if unrefracted) re¬ 
presented by the angle e t v, is equal to 1370 58 

The size of these angles varies with the refrangibility 
of the coloured rays. For violet rays to be effective 
the angle p t E must be equal to 40° 17', and the 
angle of deviation, e t v, to 139° 43'. The angles for 
the other colours of the spectrum are intermediate 
between those for the red and the violet. 

In Fig. 40, the line e a is drawn parallel to the 
line p v, and therefore 1 the angle A e v is equal to 
the angle pve, which is 420 2' for red light. If the 

1 By Eucl. 1, 29. 
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the leg of a 
same angle, 

line e v could move round upon the point e, like 
pair of compasses, keeping always the 
420 2with e a, it would describe a 

circle; and a drop of 
water on any point in 
this circle would return 
effective red rays to an 
eye situated at e. 

At some time in the 
morning or evening, 

when the sun is shining, stand in the open air with 
your back to the sun, look at the shadow of your 
own head, and observe what would be the position 
of a line joining your head and its shadow. This will 
correspond to the line e a, Fig. 40, since the sun is 
directly behind E. 

Place your walking stick or umbrella at an angle of 
42° 2'with this line, with its handle resting on the 
bridge of your nose between your eyes, and, keeping 
always the same angle, move its further end round in 
a circle. It will point to the precise place where the 
red arch of a rainbow would be visible were there any 
rain falling; but the rainbow is usually only seen in 
that part of the circle which is above the horizon, not 
in that which lies on the ground. 

In like manner, if the stick is placed at an angle of 
40° 17' with the line joining your head and its shadow, 
—that is, at the effective angle for violet light,—it will 
point in its revolution to the position in which the 
violet arch of a rainbow would be seen, and since the 
angle 40° 17' is smaller than the angle 420 2', it 
follows that the violet arch would be inside the red arch. 
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THE RAINBOW. 107 

121. If rain were falling, every drop of water 
pointed to by your stick during this experiment, from 
those close to your eyes to the farthest you can see, 
would help to produce the circles of coloured light, 
for it is not the drops in a single plane only that 
fulfil the conditions necessary to transmit effective 
rays. In Fig. 40 we see that any number of drops 
threaded upon the line e v will all hold the same 
angular position with regard to the sun and the eye, 
and that the arguments given above are equally true 

G 

for each of them. The surface which produces the 
red arch is therefore not a plane, but the surface of a 
cone, Fig. 41, of which the axis A B corresponds to 
the line e a, Fig. 40, the angle cab to the angle vea 

(420 2'), and therefore the whole angular opening to 
twice this angle, viz., 84° 4'. 

The surface of a smaller interior cone, having the 
same axis, but with its angular opening 8o° 34', viz., 
twice the angle for effective violet rays, will be the 
surface producing the violet arch. Between these two, 
but all upon the same axis, are the cones producing 

Digi
tiz

ed
 by

 Ill
ino

is 
Coll

eg
e o

f O
pto

metr
y 



io8 LIGHT. 

the intermediate coloured arches, and the apex or 
point of all the cones is in the eye situated at a, 
Fig. 41. 

122. We have seen that this axis e a, Fig. 40, is 
always parallel to the sun’s incident rays, repre¬ 
sented by the line p v. Thus, when the sun is on 
the horizon, and its rays level, the axis is level also, 
and a rainbow might be seen as a full semi-circle ; 
but as the sun rises in the sky and its rays pour 
downwards upon the earth, the further end of the axis 
with all its cones sinks downward also, and any rain¬ 
bow that may be seen has less of the arch visible above 
the horizon. When the sun reaches an elevation of 
420 2', which is nearly half-way up, the whole series 
of cones has sunk below the horizon, and no rainbow 
is visible. Try the experiment with the walking stick 
when the sun is high, and you will find that, owing to 
the shadow of your head falling near your feet, the 
stick will point to the ground during the whole of its 
revolution. This explains why the rainbow is seen in 
summer only in the morning and evening. 

123. From all that has been said above it may be 
perceived that no two people ever see the same rain¬ 
bow : each person has his own rainbow, his private set 
of cones which meet in his eye only; and any of the 
same drops which are sending effective red light to 
him may be sending effective light of any other colour 
to others who stand near him. But every one not 
colour blind will see a rainbow at the same time, since 
the same conditions are present for all. 

124. Hitherto we have disregarded all but the effec¬ 
tive rays, but the rays transmitted at other angles 
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through the drop do bring us light also though it is 
much less bright. 

Since the effective rays are at the position of mini¬ 
mum deviation, it follows that all the other rays, whether 
incident on the drop above or below these, must have 
a larger de'v.ation, e v z (Fig. 40), with the path that 
would be followed by unrefracted rays. Consequently, 
they all issue from the drop towards the eye above the 
effective rays. In the case, then, of the drops pro¬ 
ducing the red arch these ineffective rays will all pass 
above the eye of the observer, and will not be seen. 
This gives the red arch a sharply defined outer limit, 
beyond which the sky is somewhat darker than else¬ 
where, thus making the rainbow look brighter by con¬ 
trast. But in the case of drops situated on the interior 
cones their dim red rays reach the eye along with their 
own effective coloured rays, and the colour of each 
arch is dimly spread over those within its circumference: 
this causes a gradual shading off inwards of the rain¬ 
bow colours, none of which is pure, but the outermost 
red. 

So far, then, we have found the rainbow to be due 
to the refraction of solar rays which have undergone a 
single reflexion within drops of water, and we have 
found that its appearance and colours depend upon 
two causes : the different refrangibility of the colours 
of the spectrum and the position of minimum devia¬ 
tion. 

125. We have accounted as yet for but a small pro¬ 
portion of the incident light, and must next consider 
what are the effects produced by light which suffers 
two reflexions within the rain drops. Fig. 42 represents 
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the path of rays which, after undergoing two internal 
reflexions, finally issue from the reflecting surface at an 

angle equal to that at which 
they entered, and, therefore, 
fulfil the conditions required 
for effective rays. 

In this case the angle be¬ 
tween the axis e a of the 
cone and the centre of the 
effective red rays is 50° 58', 
and the angle for effective 
violet rays 54° 9'; therefore in 
this case the red cone is the 

smaller of the two, but both are larger than those we 
have already considered. This doubly reflected light 
produces therefore, when the illumination is strong, a 
larger secondary and fainter rainbow in which all the 
colours of the primary rainbow are reversed, the violet 
arch being outermost. 

126. The deviation in this case is the angle 360° 
- QVE(Fig. 42). (Were it bent completely round 

the circle of 360°, it would continue in its original 
unrefracted path p z, but it comes short of this by 
the angle QVE.) From this we can see that the in¬ 
effective rays, all of which suffer a greater deviation, 
will more nearly approach the direction p z, and since 
they all issue below the effective rays, only those from 
the drops on the outer cones can reach the observer’s 
eye as dim light: this gives a defined limit to the 
inner edge of the secondary rainbow, with comparative 
darkness beyond it, while the light of the outer edge 
of each colour will fade gradually upwards. 
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THE RAINBOW. 111 

The angles given above precisely define the width of 
the bows and their distance apart. The width of the 
inner or primary bow is 420 2' - 4o° 17/ _ j- . 
the width of the outer or secondary bow is 54° 9' 

~ 5® 58 =3 11'and the space between the bows 
is 5° 58 - 42 2 =8 56'. This space is, as said 
above, darker than other parts of the sky. A magni¬ 
fied drop from each of these bows is seen in Fig. 43. 

127. Now we may fairly argue that, supposing 
the illumination to be strong enough to bear so 
much division, we ought to see more rainbows, 
produced by three, four, five, or more internal 
reflexions. On calculating the positions in which to 
look for these, it is found that the third and fourth 
will occur between the observer and the sun, so that 
their faint light must be lost in the stronger sunlight. 
1 he fifth, which is on the same side with the first and 
second, has been sometimes seen in waterfalls; and it 
is said, that by throwing the sun’s rays on to a jet of 
water in a dark room supplementary rainbows have 
been counted up to the seventeenth. 
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I 12 LIGHT. 

Besides the rainbows produced by refraction, some 
bows are occasionally seen within the primary which 
appear to be caused by diffraction. It is this cause, 
as we have seen, that gives rise to halos, and other 
remarkable phenomena, such as parhelia, appear to 
be due to it also. 

128. Here let us pause from the consideration 
of details, and think for a moment of the vast ocean 
of light waves to which they belong;—an ocean ever 
heaving round us, with its billows, ripples, ripplets, 
apparently in endless confusion, yet producing results 
of perfect order; with its particles, if themselves held 
at rest by conflicting impulses, yet faithfully forward¬ 
ing those impulses on all their various journeys, till 
they break upon the human eye, bearing intelligence 
which is telegraphed into those mysterious recesses 
of the brain, where it meets and affects the human 
consciousness. 
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Aberration, 63. 
,, chromatic, 43. 
,, spherical, 42. 

Absorption, 50, 99. 
Achromatic lens, 44. 
Aether, luminiferous, 57. 
Amplitude of vibration, 58. 
Angle, critical, 26. 

,, limiting, 26. 
,, of incidence, 12. 
,, of refraction, 13. 

Atmospheric refraction, 24. 

Change of phase by reflection, 76. 
Coloured rings, Newton’s, 70. 
Colours of their films, 70, 80. 

Decomposition of light, 31. 
Density, 9. 
Deviation, 103. 
Diffraction, 81. 
Dispersion, 32, 43. 
Displacement, 22. 

Effective rays, 104. 
Emission theory, 55. 

Focal length, 45. 
Focus of lenses, 36. 

,, of mirrors, 53. 
,, principal, 37, 39. 

Halos, 94. 

Index of refraction, absolute, 15. 
,, ,, relative, 17. 

Interference, 72. 

Law of inverse squares, 4. 
Laws of reflexion, 48. 

,, of refraction, 19. 
Lenses, 36, 37. 

,, of the eye, 40. 
Luminiferous aether, 57. 

Measurements, 62. 
Microscope, simple, 42. 

,, compound, 46. 
Minimum deviation, 96, 103. 
Mirage, 28. 
Mother of pearl, 80. 

Newton’s rings, 70. 

Planes, 18. 
,, of refraction, 19. 
,, of reflexion, 48. 

Prismatic refraction, 29. 

Rainbow, 102. 
,, primary, 106. 
,, secondary, no. 
,, supplementary, nr. 

Rate of vibration, 60, 81. 
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MACMILLAN’S 
CLASSICAL SERIES 

FOK COLLEGES AND SCHOOLS, 

Being select portions of Greek and Latin authors, edited, with Introduc¬ 
tions and Notes at the end, by eminent scholars. The series is designed 
to supply first-rate text-books for the higher forms of Schools, having in 
view also the needs of Candidates for public examinations at the Univer¬ 
sities and elsewhere. With this object the editors have endeavoured to 
make the books as complete as possible, passing over no difficulties in the 
text, whether of construction or of allusion, and adding such information 
on points of Grammar and Philology as will lead students on in the paths 
of sound scholarship. Due attention, moreover, is paid to the different 
authors, in their relation to literature, and as throwing light upon ancient 
history, with the view of encouraging not only an accurate examination of 
the letter, but also a liberal and intelligent study of the spirit of the 
masters of Classical Literature. 

The books are clearly printed in fcap. 8vo., and uniformly bound in neat 
red cloth. 

The following volumes are ready :— 

Cicero—The Second Philippic Oration. From the German of 
Karl Halm. Edited, with Corrections and Additions, by Professor 
John E. B. Mayor. New edition, revised. 5s. 

The Catiline Orations. From the German of Karl Halm. Edited, 
with Additions, by Professor A. S. Wilkins, M. A. New edition. 3s. 6d. 

The Academica. Edited by James Reid, M.A., Fellow of Caius 
College, Cambridge. 4s. 6d. 

Demosthenes—The Oration on the Crown, to which is pre¬ 
fixed JEschines against Ctesiphon. Edited by B. Drake, 
M.A. New edition. 5s. 

Homer’s Odyssey—The Narrative of Odysseus, Books IX.- 
XII. Edited by Professor John E. B. Mayor. M.A. Part I. 3s. 

[To be completed shortly. 
Juvenal—Select Satires. Edited by Professor John E. B. Mayor. 

Satires X.-XI. 3s. Satires XII.-XYI. 3s. 6d. 

Livy—Hannibal's First Campaign in Italy, Books XXI. 
and XXII. Edited by Rev. W. W. Capes. With 3 Maps. 5s. 

Sallust—Catiline and Jugurtha. Edited by C. Merivale, B.D. 
New edition. 4s. 6d. Or separately 2s. 6d. each. 

Tacitus—Agricola and Germania. Edited by A. J. Church, M.A. 
and W. J. Brodribb, M.A. New edition. 3s.0d. Or separately 2s. eacli! 

The Annals, Book VI. By the same Editors. 2s. 6d. 

Terence- Hauton Timorumenos. Edited by E. S. Siiuciiburgh 
M.A. 3s. With Translation, 4s. Ud. 
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MACMILLAN’S CLASSICAL SERIES. 

Thucydides—The Sicilian Expedition, Books VI. and VII. 
Edited by Perc.lv al Frost, J\i.A. New edition, with Map. 5s. 

Xenophon- Hellenica, Books I. and II. Edited by H. Hail- 
stone, B.A. With Map. 4s. Cd. 

The following are in 'preparation:— 
JEschylus-Select Plays. Edited by A. 0. Prichard, M.A., Fellow 

and Tutor of New College, Oxford. 

I. Persae. [Immediately. 

Cicero—Pro Lege Manilla. Edited after Halm, by Professor A. S. 
Wilkin#. [In My. 

C;cero—Pro Roscio Amerino. From the German of Karl Halm. 
Edited by E. Ii. Donkin, M.A. [In September. 

Demosthenes—First Philippic. Edited by Rev. T. Gwatkin, M.A. 

Euripides—Select Plays, by various Editors. 

Alcestis. Edited by J. E. C. Welldon, B.A. 

Bacchee. Edited by E. S. Shuckburgh, M.A. 

Hippolytus. Edited by Rev. J. P. Mahaffy, M.A. 

Medea. Edited by A. W. Verrall, M.A. 

Phcenissas. Edited by Oscar Wilde, B.A. 

Herodotus-The Invasion of Greece by Xerxes. Books VII. 
and VIII. Edited by Thomas Case, M.A. 

Homer’s Iliad—The Story of Achilles. Edited by the late J. H. 
Pratt, M.A., and Walter Leaf, M.A. 

Livy-Books XXIII. andXXIV. Edited by Rev. W. W. Capes, M.A. 

Lysias-Select Orations. Edited by E. S. Shuckburgii, M.A. 

Martial -Select Epigrams. Edited by Rev. H. M. Stephenson, 
M.A., Head Master of St. Peter’s School, York. 

Ovid—Heroides. Edited by E. S. Shuckburgii, M.A. [In July. 

Ovid—Fasti. Edited by G. II. Hallam, M.A., Assistant Master at 
Harrow. 

Plato—Four Dialogues on the Trial and Death of Socrates, 
viz.. Euthyphro, Apology, Crito, and Phsedo. Edited by (J. 
W. Moule, M.A. 

Propertius—Select Poems. Edited by J. P. Postgate, B.A. 

Thucydides—Books I. and II. Edited by H. Broadbent, M.A., 
Assistant-Master at Eton College. 

Thucydides—Books IV. and V. Edited by Rev. C. E. Graves, 
M.A., 

Terence-Phormio. Edited by Rev. John Bond. M.A., and A. S. 
Walpole, B.A. [In October. 
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May 1879. 

A CATALOGUE 

OF 

EDUCATIONAL BOOKS, 
PUBLISHED BY 

MACMILLAN AND CO., 
BEDFORD STREET, STRAND, LONDON. 

MACMILLAN’S CLASSICAL SERIES, for COLLEGES 
and SCHOOLS, being select portions of Greek and Latin 
authors, edited, with Introductions and Notes at the end, by 
eminent scholars. The series is designed to supply first rate 
text-books for the higher forms of Schools, having in view 
also the needs of Candidates for public examinations at the 
Universities and elsewhere. With this object the editors 
have endeavoured to make the books as complete as possible, 
passing over no difficulties in the text, whether of construction 
or of allusion, and adding such information on points of 
Grammar and Philology as will lead students on in the 
paths of sound scholarship. Due attention moreover is paid 
to the different authors, in their relation to literature, and as 
throwing light upon ancient history, with the view of en¬ 
couraging not only an accurate examination of the letter, but 
also a liberal and intelligent study of the spirit of the masters 
of Classical Literature. 

The books are clearly printed in fcap. 8vo., and uniformly 
bound in neat red cloth. 

The following volumes are ready :— 

■ffiSCHYLUS-PERS-SI. Edited by A. O. Prickard, M.A., 
Fellow and Tutor of New College, Oxford. With Map. 3j. 6d. 

CATULLUS—SELECT POEMS. Edited by F. P. Simpson, 
B. A., late Scholar of Balliol College, Oxford. 4-r. 6;/. 

50,000.3.79 
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2 MACMILLAN’S CLASSICAL SERIES. 

CICERO—THE SECOND PHILIPPIC ORATION. From 
the German of Karl Halm. Edited, with Corrections and 
Additions, by John E. B. Mayor, Professor of Latin in the 
University of Cambridge, and Fellow and Classical Lecturer at 
St. John’s College. New edition, revised. Sr. 

THE CATILINE ORATIONS. From the German of Karl 
Halm. Edited, with Additions, by A. S. Wilkins, M.A., 
Frofessor of Latin at the Owens College, Manchester. New 
edition. 3J. 6d. 

THE ACABEMICA. Edited by James Reid, M.A., 
Fellow of Cams College, Cambridge. 4A 6d. 

DEMOSTHENES—THE ORATION ON THE CROWN, 
to which is prefixed AESCHINES AGAINST CTESI- 
PHON. Edited by B. Drake, M.A., late Fellow of King’s 
College, Cambridge. 51. 

[Sixth and thoroughly revised edition in May. 

HOMER’S ODYSSEY—THE NARRATIVE OF ODYS¬ 
SEUS, Books IX.—MIX. Edited by John E. B. Mayor, 
M.A. Parti. 3.1. {To be completed shortly. 

JUVENAL—SELECT SATIRES. Edited by John E. B. 
Mayor, Fellow of St. John’s College, Cambridge, and 
Professor of Latin. Satires X. and XI. 3-f- Satires XII.' 
XVI. 3s. (sd. 

LIVY—HANNIBAL’S FIRST CAMPAIGN IN ITALY, 
Books XXI. and XXII. Edited by the Rev. W. W. 
Capes, Reader in Ancient History at Oxford. With 3 

Maps. 5s. 

SALLUST—CATILINE and JUSUETHA. Edited by C. 
Merivale, B.D. New edition, carefully revised and en¬ 
larged. 4f. 6d. Or separately 2s. 6d. each. 

TACITUS—AGRXCOLA and GERMANIA. Edited by A. J. 
Church, M.A. and W. J. Brodribb, M.A. Translators of 
Tacitus. New edition. 3*. 6d. Or separately 2r. each. 

THE ANMA.LS, Book VI. By the same Editors, ss. 6d. 
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CLASSICAL. 3 

TEKBKOB-HAUTON TIMOMMBtiOS. Edited by E. S. 
Shuckburgh, M.A., Assistant-Master at Eton College, y. 
With Translation, 4s. 6d. 

THUCYDIDES —THE SICILIAN EXPEDITION, Books 
VI. and VII. Edited by the Rev. Percival Frost, M.A., 
Late Fellow of St. John’s College, Cambridge. New edition, 
revised and enlarged, with Map. y. 

XENOPHON-HEL1BHICA, Books I. and II. Edited by 
H. Hailstone, B.A., late Scholar of Peterhouse, Cambridge. 
With Map. 4n 6d. 

The folloiving are in preparation:— 
JESCHYLUS-SEPTEM CONTRA THEBAS. Edited by A. 

O. Prickard, M.A., Fellow and Tutor of New College, 
Oxford; 

CICERO—PRO LEGE MANILLA. Edited, after Halm, by Prof. 
A. S. Wilkins, M.A. [/« the press. 

CICERO—PRO ROSCIO AMERIHO, From the German of 
Karl PIalm. Edited by E. H. Donkin, M.A., late Scholar 
of Lincoln College, Oxford, Assistant Master at Uppingham. 

DEMOSTHENES—FIRST PHILIPPIC. Edited by Rev. 
T. Gwatkin, M.A., late Fellow of St. John’s College, 
Cambridge. 

EURIPIDES—SELECT PLAYS, by various Editors. 

ALCESTIS. Edited by J. E. C. WeLldon, B.A., Fellow 
and Lecturer of King’s College, Cambridge. 

BACCHAE. Edited by E. S. Shuckburgh, M.A., Assistant- 
Master at Eton College. 

HIPPOLYTUS. Edited by Rev. J. P. Mai-IAFFY, M.A., 
Fellow and Tutor of Trinity College, Dublin. 

MEDEA. Edited by A. W. Verrall, M.A., Fellow and 
Lecturer of Trinity College, Cambridge. 

PHCSNISSiE. Edited by Oscar Wilde, B.A., Magdalen 
College, Oxford. 

HERODOTUS—THE INVASION OP GREECE BY XERXES. 
Books VII. and VIII. Edited by Thomas Case, M.A., 
formerly Fellow of Brasenose College, Oxford. 
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4 MACMILLAN’S EDUCATIONAL CATALOGUE. 

HOMES'S ILIAD—THE STORY OF ACHILLES. Edited 
by the late J. H. Pratt, M.A., and Walter Leaf, M.A., 
Fellows of Trinity College, Cambridge. 

HOMER’S ODYSSEY-Books XXI—XXIV. Edited by S. G. 
Hamilton, B.A., Fellow of Hertford College, Oxford. 

LIVY—Books XXIII. and XXIV. Edited by Rev. W. W. 
Capes, M.A. 

LYSIAS—SELECT ORATIONS. Edited by E. S. SHUCK- 
burgh, M.A., Assistant-Master at Eton College. 

MARTIAL—SELECT EPIGRAMS. Edited by Rev. H. M. 
Stephenson, M.A., Head-Master of St. Peter’s School, 
York. 

OVID—SELECT EPISTLES. Edited by E. S. SHUCKBURGH, 
M.A. 

OVID—FASTI. Edited by G. H. Hallam, M.A., Fellow of 
St. John’s College, Cambridge, and Assistant Master at 
Harrow. 

PLATO —FOUR DIALOGUES ON THE TRIAL AND 
DEATH of SOCRATES, viz., EUTHYPHRO, APO¬ 
LOGY, CRITO, AND PHffiDO. Edited by C. W. Moule, 
M.A., Fellow and Tutor of Corpus Christi College, Cambridge. 

PROPERTIUS—SELECT POEMS. Edited by J. P. POST- 
gate, M.A., Fellow of Trinity College, Cambridge. 

TERENCE—PHORMIO. Edited by Rev. John Bond, M.A., 
late Scholar of St. John’s College, Oxford, and A. S. Wal¬ 
pole, late Scholar of Worcester College, Oxford. 

THUCYDIDES—Books I. and II. Edited by H. BrOADBENT, 
M.A., Fellow of Exeter College, Oxford, and Assistant- 
Master at Eton College. 

THUCYDIDES—Books IV. and V. Edited by Rev. C. 
E. Graves, M.A., Classical Lecturer, and late Fellow of 
St. John’s College, Cambridge. 

XENOPHON—MEMORABILIA.' Edited by A. R. CLUER, B.A. 
Ballioi College, Oxford. 

Other volumes will follow. 

Digi
tiz

ed
 by

 Ill
ino

is 
Coll

eg
e o

f O
pto

metr
y 



CLASSICAL. 5 

CLASSICAL. 

ffiSCHYLUS—THE EUMENIDES. The Greek Text, with 
Introduction, English Notes, and Verse Translation. By 
Bernard Drake, M.A., late Fellow of King’s College, 
Cambridge. 8vo. 3.?. 6d. 

ARISTOTLE—AN INTRODUCTION TO ARISTOTLE'S 
RHETORIC. With Analysis, Notes and Appendices. By 
E. M. Cope, Fellow and Tutor of Trinity College, Cambridge, 
8vo. 141. 

ARISTOTLE ON FALLACIES-, OR, THE S0PHISTIC1 
ELENCHI. With Translation and Notes by E. Poste, M. A. 
Fellow of Oriel College, Oxford. 8vo. 8r. 6d. 

ARISTOPHANES—THE BIRDS. Translated into English 
Verse, with Introduction, Notes, and Appendices, by B. H. 
Kennedy, D.D., Regius Professor of Greek in the University 
of Cambridge. Crown 8vo. 6s. Help-Notes to the same, 
for the use of Students, is. 6d. 

BELCHER—SHORT EXERCISES IN LATIN PROSE 
COMPOSITION AND EXAMINATION PAPERS IN 
LA TIN GRAMMAR, to which is prefixed a Chapter on 
Analysis of Sentences. By the Rev. H. Belcher, M.A., 
Assistant Master in King’s College School, London. New 
Edition. l8mo. is. 6d. Key, ir. 6d. 

SEQUEL TO THE ABO VE. EXERCISES IN LA TIN 
IDIOMS, &c. By the same author. [In May. 

BLACKIE—GREEK AND ENGLISH DIALOGUES FOR 
USE IN SCHOOLS AND COLLEGES. By John 
Stuart Blackie, Professor of Greek in the University of 
Edinburgh. New Edition. Fcap. 8vo. 2s. 6d. 

CICERO—THE A CADEMICA. The Text revised and explained 
by James Reid, M.A., Fellow of Caius College, Cambridge. 
New Edition. With Translation. 8vo. [In October. 

SELECT LETTERS.—After the Edition of Albert 
Watson, M.A. Translated by G. E. Jeans, M.A., Fellow 
of Hertford College, Oxford, and Assistant-Master at Hailey 

bury. Svo. [In October. 
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6 MACMILLAN’S EDUCATIONAL CATALOGUE. 

classical WRITHES. Edited by J. R. Green, M.A. 
Fcap. 8vo. Is. 6d. each. 

A Series of small volumes'upon some of the principal classical 
writers, whose works form subjects of study in our Schools. 
The main object of the Series is Educational, care being taken 
to impart information in a systematic and thorough way, 
while an intelligent interest in the writers and their works is 
sought to be aroused by a clear and attractive style of 
treatment. 

CICERO. By Professor A. S. Wilkins. [Inpreparation. 
DEMOSTHENES. By S. H. Butcher, M.A. [In preparation. 
EURIPIDES. By Professor J. P. Mahaffy. [Ready. 
HORACE. By T. H. Ward, M.A. [Inpreparation. 
LIVY. By Rev. W. W. Capes, M.A. [In the press. 
VERGIL. By Professor H. Nettleship. [In preparation. 

Others to follow. 

ELLIS—PRACTICAL HINTS ON THE QUANTITATIVE 
PRONUNCIATION OF LATIN, for the use of Classical 
Teachers and Linguists. By A. J. Ellis, B.A., F.R.S. 
Extra fcap. 8vo. 4^. 6d. 

GEDDES —THE PROBLEM OF THE HOMERIC POEMS. 
By W. D. Geddes, Professor of Greek in the University of 
Aberdeen. 8vo. 141. 

GLADSTONE—Works by the Rt. Hon. W. E. Gladstone, M.P. 
JUVENTUS MUNDI; or, Gods and Men of the Heroic 
Age. Second Edition. Crown 8vo. lor. 6d. 

THE TIME AND PLACE OF HOMER. Crown 8vo. 
6s. 6d. 

A PRIMER OF HOMER. l8mo. is. 

GOODWIN—Works by W. W. Goodwin, Professor of Greek in 
Harvard University, U.S.A. 
SYNTAX OP THE MOODS AND TENSES OF THE 
GREEK VERB. New Edition, revised. Crown Svo. 
6s. 6 d. 

AN ELEMENTAL Y GREEK GRAMMAR. New Edition, 
revised. Crown Svo. [In preparation. 
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CLASSICAL. 7 

GSEBNWOOB—THE ELEMENTS OF GREEK GRAM¬ 
MAR, including Accidence, Irregular Verbs, and Principles of 
Derivation and Composition ; adapted to the System of Crude 
Forms. By J. G. Greenwood, Principal of Owens College, 
Manchester. New Edition. Crown 8vo. 5j. 6d. 

HERODOTO3, Books I.—III.—THE EMPIRES OF THE 
EAST. Edited, with Notes and Introductions, by A. H 
Savce, M.A., Fellow and Tutor of Queen’s College, Oxford, 
and Deputy-Professor of Comparative Philology. 8vo. 

[In preparation. 
SCENES FROM HERODOTUS. Translated, with Intro¬ 
duction, by Oscar Wilde, B.A., Magdalen College, Oxford. 
Crown 8vo. \ln preparation. 

HODGSON -MYTHOLOGY FOR LATIN VERSIFICA¬ 
TION. A brief Sketch of the Fables of the Ancients, 
jjrepared to be rendered into Latin Verse for Schools. By 
F. Hodgson, B.D., late Provost of Eton. New Edition, 
revised by F. C. Hodgson, M.A. i8mo. y. 

HOMER— THE ODYSSEY. Done into English by S. H. 
Butcher, M.A., Fellow of University College, Oxford, and 
Andrew Lang, M.A., late Fellow of Merton College, Oxford, 
Crown 8vo. ior. 611. 

HOMERIC SICTIOEST&R'V. For Use in Schools and Colleges. 
Translated from the German of Dr. G. Autenreith, with 
Additions and Corrections by R. P. Keep, Ph.D. With 
numerous Illustrations. Crown 8vo. 6s. 

HORACE— THE WORKS OF HORACE, rendered into 
English Prose, with Introductions, Running Analysis, and 
Notes, by J. Lonsdale, M.A., and S. Lee, M.A. Globe 
8vo. 3 s. 6d. 
THE ODES OF HORACE IN A METRICAL PARA¬ 
PHRASE. By R. M. Hovenden. Extra fcap. 8vo. 4X. 
HORACE’S LIFE AND CHARACTER. An Epitome of 
his Satires and Epistles. By R. M. Hovenden. Extra fcap. 
8vo. <sy. 6d. 
WORD FOR WORD FROM HORACE. The Odes lite¬ 
rally Versified. By W, T. Thornton, C.B. Crown Svo. 
7s. 6d. 
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8 MACMILLAN’S EDUCATIONAL CATALOGUE. 

JACKSON—FIRST STEPS TO GREEK PROSE COM¬ 
POSITION. By JBlomfield Jackson, M.A. Assistant- 
Master in King’s College School, London. New Edition 
revised and enlarged. l8mo. Is. 6d. 

JACKSON—A MANUAL OF GREEK PHILOSOPHY. By 
Henry Jackson, M.A., Fellow and Prelector in Ancient 
Philosophy, Trinity College, Cambridge. [In preparation. 

JEBB—Works by R. C. JEBB, M.A., Professor of Greek in the 
University of Glasgow. 

THE ATTIC ORATORS FROM ANTIPHON TO 
ISAEOS. 2 vols. 8vo. 25J. 

SELECTIONS FROM THE A TTIC ORA TORS BEFORE 
DEMOSTHENES. Edited, with English Notes. Being a 
companion volume to the preceding work. 8vo. [In October. 

THE CHARACTERS OF THEOPHRASTUS. Translated 
from a revised Text, with Introduction and Notes. Extra fcap. 
8vo. 6s. 6d. 

A PRIMER OF GREEK LITERATURE. l8mo. is. 

A HISTORY OF GREEK LITERATURE. Crown 8vo. 
[In preparation. 

JUVENAL— THIRTEEN SATIRES OF JUVENAL. With 
a Commentary. By John E. B. Mayor, M.A., Kennedy 
Professor of Latin at Cambridge. Vol. I. Second Edition, 
enlarged. Crown 8vo. Is. 6d. Vol. II. Crown 8vo. ids. 6d. 

KIEPEB.T-CLASS-BOOK OF ANCIENT GEOGRAPHY, 
Translated from the German of Dr. Heinrich Kiepert. 

[In preparation. 

KYNASTON—GREEKIAMBICS FOR SCHOOLS. By Rev. 
H. Kynaston, M.A,, Principal of Cheltenham College. 

[In preparation. 

LIVY, Books XXI.—XXV. Translated by A. J. Church, 
M.A., and W. J. Brodribb, M.A. [Inpreparation. 

LLOYD—THE AGE OF PERICLES. A Plistory of the 
Politics and Arts of Greece from the Persian to the Pelopon¬ 
nesian War. By William Watkiss Lloyd. 2 vols, 8vo. 21 s. 
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CLASSICAL. 9 

MACMILLAN—FIRST LATIN GRAMMAR. By M. C. 
Macmillan, M.A., late Scholar of Christ’s College, Cambridge, 
Assistant Master in St. Paul’s School. l8mo. [In preparation. 

MAIIAFFY—Works by J. P. Mahaffy, M.A., Professor of 
Ancient History in Trinity College, .Dublin. 

SOCIAL LIFE IN GREECE; from Homer to Menander. 
Third Edition, revised and enlarged. Crown 8vo. qs. 

RAMBLES AND STUDIES IN GREECE. With 
Illustrations. Second Edition. With Map. Crown 8vo. 
I or, (id. 

A PRIMER OF GREEK ANTIQUITIES. With Illus¬ 
trations. iSmo. ij. 

EURIPIDES. i8mo. is. 6d. 

MARSHALL — A TABLE OF IRREGULAR GREEK 
VERBS, classified according to the arrangement of Curtius’ 
Greek Grammar. By J. M. Marshall, M.A., one of the 
Masters in Clifton College. 8vo. cloth. New Edition, ir. 

MAYOR (JOHN E. B.)—FIRST GREEK READER. Edited 
after Karl Halm, with Corrections and large Additions by 
Professor John E. B, Mayor, M.A., Fellow and Classical 
Lecturer of St. John’s College, Cambridge. New Edition, 
revised. Fcap. 8vo. 4r. 6d. 

BIBLIOGRAPHICAL CLUE TO LATIN LITERA. 
TURE. Edited after IIubner, with large Additions by 
Professor John E. B. Mayor. Crown 8vo. 6s. 6d. 

MAYOR (JOSEPH Id.)—GREEK FOR BEGINNERS. By 
the Rev. J. B. Mayor, M.A., Professor of Classical Literature 
in King’s College, London. Part I., with Vocabulary, is. 6d. 
Parts II. and III., with Vocabulary and Index, 31-. 6d. com. 
plete in one Vol. New Edition. Fcap. 8vo. cloth. 4*. 6d. 

NIXON—PARALLEL EXTRACTS arranged for translation 
into English and Latin, with Notes on Idioms. By J. E. 
Nixon, M.A., Classical Lecturer, King’s College, London. 
Part I.—Historical and Epistolary. New Edition, revised 
and enlarged. Crown 8vo. 31. 6d. 
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10 MACMILLAN’S EDUCATIONAL CATALOGUE. 

NIXON Continued— 
A FEW NOTES ON LATIN RHETORIC. With 
Tables and Illustrations. By J. E. Nixon, M.A. Crown 
8vo. 2s. 

PEILE (JOHN, M.A.)—AN INTRODUCTION TO GREEK 
AND LATIN ETYMOLOGY. By John Peile, M.A., 
Fellow and Tutor of Christ’s College, Cambridge, formerly 
Teacher of Sanskrit in the University of Cambridge. Third 
and Revised Edition. Crown 8vo. ios. 6d. 

A PRIMER OF PHILOLOGY. i8mo. u. By the same 
Author. 

PIN DAK—THE EXTANT ODES OF PINDAR. Translated 
into English, with an Introduction and short Notes, by Ernest 
Myers, M.A., Fellow of Wadham College, Oxford. Crown 
Svo. 5 s. 

PLATO—THE REPUBLIC OF PLATO. Translated into 
English, with an Analysis and Notes, by J. Ll. Davies, 
M.A., and D. J. Vaughan, M.A. New Edition, with 
Vignette Portraits of Plato and Socrates, engraved by Jeens 
from an Antique Gem. l8mo. ns. 6d. 

PHILEBUS. Edited, with Introduction and Notes, by 
Henry Jackson, M.A., Fellow of Trinity College, Cambridge. 
8vo. [/»preparation. 

PLAUTUS—THE MOSTELLARIA OF PLAUTUS. With 
Notes, Prolegomena, and Excursus. By William Ramsay, 
M.A., formerly Professor of Humanity in the University of 
Glasgow. Edited by Professor George G. Ramsay, M.A., 
of the University of Glasgow. 8vo. 14A 

POTTS (A. w., M.A.)—Works by Alexander W. Potts, 
M.A., LL.D., late Fellowof St. John’s College, Cambridge; 
Head Master of the Fettes College, Edinburgh. 

HINTS TOWARDS LATIN PROSE COMPOSITION. 
New Edition. Extra fcap. 8vo. 31. 

PASSAGES FOR TRANSLATION INTO LATIN 
PROSE. Crown Svo. [In the press. 
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CLASSICAL. il 

HOBY—A GRAMMAR OF THE LATIN LANGUAGE, from 
Plautus to Suetonius. By H. J. Roby, M.A., late Fellow of 
St. John’s College, Cambridge. In Two Parts. Third Edition. 
'Part I. containing :—Book I. Sounds. Book II. Inflexions. 
Book III. Word-formation. Appendices. Crown 8vo. Ss. 61. 
Part II.—Syntax, Prepositions, &c. Crown 8vo. ios. 6d. 

“Marked by the clear and practised insight of a master m his art. 
A book that would do honour to any country. ’—Athkn^jum. 

SCHOOL LA TIN GRAMMAR. By the same Author. 
[In the press. 

RUSH—SYNTHETIC LA TIN DELECTUS. A First Latin 
Construing Book arranged on the Principles of Grammatical 
Analysis. With Notes and Vocabulary. By E. Rush, B.A. 
With Preface by the Rev. W. F. Moulton, M.A., D.D. 
Extra fcap. 8vo. 2s. 

RUST—FIRSTSTEPS TO LA TIN PROSE COMPOSITION. 
By the Rev. G. Rust, M.A. of Pembroke College, Oxford, 
Master of the Lower School, King’s College, London. New 
Edition. i8mo. is. 6d. 

RUTHERFORD—A FIRST GREEK GRAMMAR. ByW. G. 
Rutherford, M.A., Assistant Master in St. Paul’s School, 
London. Extra fcap. 8vo. li. 

SEELEY—A PRIMER OF LATIN LITERATURE. By 
Prof. J. R. Seeley. [Inpreparation. 

SHUCKBURGH—A LATIN READER. By E. S. Shuck- 
burgh, M.A., Assistant Master at Eton College. 

[In preparation. 
TACITUS—COMPLETE WORKS TRANSLATED. By A. J. 

Church, M.A., and W. J. Brodribb, M.A. 

THE HISTORY. With Notes and a Map. New Edition. 
Crown 8vo. 6 s. 

THE ANNALS. With Notes and Maps. New Edition. 
Crown 8vo. 7s. 61. 

THE AGRICOLA AND GERMANY, WITH THE 
DIALOGUE ON ORATORY. With Maps and Notes. 
New and Revised Edition. Crown Svo. rjj. 6d. 
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12 MACMILLAN’S EDUCATIONAL CATALOGUE. 

THEOPHRASTUS—THE CHARACTERS OF THEO¬ 
PHRASTUS. An English Translation from a Revised Text. 
With Introduction and Notes. By R. C. Jebb, M.A., Pro¬ 
fessor of Greek in the University of Glasgow. Extra fcap. Svo. 
6s. 6 d. 

TURING—Works by the Rev. E. TURING, M.A., Head 
Master of Uppingham School. 

A LATIN GRADUAL. A First Latin Construing Book 
for Beginners. New Edition, enlarged, with Coloured Sentence 
Maps. Fcap. 8vo. 2s. 6d. 

A MANUAL OF MOOD CONSTRUCTIONS. Fcap. 
Svo. is. 6d. 

A CONSTRUING BOOH. Fcap 8vo. is. 6d. 

VIRGIL—THE WORKS OF VIRGIL RENDERED INTO 
ENGLISH PROSE, with Notes, Introductions, Running 
Analysis, and an Index, by James Lonsdale, M.A., and 
Samoel Lee, M.A. New Edition. Globe Svo. 3r. 6d. 
gilt edges, 4r. 6d. 

WILKINS—A PRIMER OF ROMAN ANTIQUITIES. By 
A. S. Wilkins, M.A., Professor of Latin in the Owens 
College, Manchester. With Illustrations. l8mo. is. 

WRIGHT—Works by J. WRIGHT, M.A., late Head Master of 
Sutton Coldfield School. 

HELLENIC A ; OR, A HISTORY OF GREECE IN 
GREEK, as related by Diodorus and Thucydides ; being a 
First Greek Reading Book, with explanatory Notes, Critical 
and Historical. New Edition with a Vocabulary. Fcap. 8vo. 
3^ 6d. 

A HELP TO LATIN GRAMMAR-, or, The Form and 
Use of Words in Latin, with Progressive Exercises. Crown 
8vo. 4s. 61. 

THE SEVEN KINGS OF ROME. An Easy Narrative, 
abridged from the First Book of Livy by the omission of 
Difficult Passages; being a First Latin Reading Book, with 
Grammatical Notes. With Vocabulary, 31. 6d. 

[New and thoroughly revised edition, just ready. 
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MATHEMATICS. 13 

WRIGHT Continued— 
FIRST LATIN STEPS; OR, AN INTRODUCTION 
BY A SERIES OF EXAMPLES TO THE STUDY 
OF THE LATIN LANGUAGE. Crown 8vo. 5r. 

A TTIC PRIMER. Arranged for the Use of Beginners. 
Extra fcap. 8vo. 4J. 6d. 

A COMPLETE LATIN COURSE, comprising Rules with 
Examples, Exercises, both Latin and English, on each Rule, 
and Vocabularies. Crown 8vo. 4?. 6d. 

MATHEMATICS. 

AIRY—Works by Sir G. B. AIRY, K.C.B., Astronomer 
Royal :— 

ELEMENTARY TREATISE ON PARTIAL DIF- 
FERENTIAL EQUATIONS. Designed for the Use of 
Students in the Universities. With Diagrams. Second Edition. 
Crown 8vo. 5r. 6d. 

CN THE ALGEBRAICAL AND NUMERICAL 
THEORY OF ERRORS OF OBSERVATIONS AND 
THE COMBINATION OF OBSERVATIONS. Second 
Edition, revised. Crown 8vo. 6s. 6d. 

UNDULATORY THEORY OF OPTICS. Designed for 
the Use of Students in the University. New Edition. Crown 
8vo. 6s. 6d. 

ON SOUND AND ATMOSPHERIC VIBRATIONS. 
With the Mathematical Elements of Music. Designed for the 
Use of Students in the University. Second Edition, Revised 
and Enlarged. Crown 8vo. 9s. 

A TREATISE OF MAGNETISM. Designed for the Use 
of Students in the University. Crown 8vo. gs. 6d. 

AIRY (OSMUND)—A TREATISE ON GEOMETRICAL 
OPTICS. Adapted for the use of the Higher Classes in 
Schools. By Osmund Airy, B.A., one of the Mathematical 
Masters in Wellington College. Extra fcap. 8vo. 3*. 6d. 
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14 MACMILLAN’S EDUCATIONAL CATALOGUE. 

BAYMA— TIIE ELEMENTS OF MOLECULAR MECHA¬ 
NICS. By Joseph Bayma, S.J., Professor of Philosophy, 
Stonyhurst College. Demy 8vo. lor. 6d. 

BEASLEY—AN ELEMENTARY TREATISE ON PLANE 
TRIGONOMETRY. With Examples. ByR. D. Beasley, 
M.A., Head Master of Grantham Grammar School. Fifth 
Edition, revised and enlarged. Crown Svo. y. 6d. 

BLACKBURN (HUGH) — ELEMENTS OF PLANE 
TRIGONOMETRY, for the use of the Junior Class in 
Mathematics n the University of Glasgow. By Hugh 
Blackburn, M. A., Professor of Mathematics in the Univer- 
sity of Glasgow. Globe 8vo. is. 6d. 

BOOLE—Works by G. BOOLE, D.C.L., F.R.S., late Professor 
of Mathematics in the Queen’s University, Ireland. 
A TREATISE ON DIFFERENTIAL EQUATIONS. 
Third and Revised Edition. Edited by I. Todhunter. Crown 
Svo. 14J. 

A TREATISE ON DIFFERENTIAL EQUATIONS. 
Supplementary Volume. Edited by I. Todhunter. Crown 
Svo. Sr. 6d. 

THE CALCULUS OF FINITE DIFFERENCES. 
Crown 8vo. ior. 6d. New Edition, revised by J; F. 
Moulton. 

BROOK-SMITH (J.)—.ARITHMETIC IN THEORY AND 
PRACTICE. By J. Brook-Smith, M.A., LL.E., St. 
J ohn’s College, Cambridge; Barrister-at-Law ; one of the 
Masters of Cheltenham College. New Edition, revised. 
Crown 8vo. 4s. 6d. 

CAMBRIDGE SENATE-HOUSE PROBLEMS and RIBER3 
WITH. EOLUT.IOJifS 

1875—PROBLEMS AND RIDERS. By A. G. Greenhill, 
M.A. Crown Svo. Sr. 6d. 

1S78—SOLUTIONS OF SENATE-HOUSE PROBLEMS. 
By the Mathematical Moderators and Examiners. Edited by 
J. W. L. Glaisher, M.A., Fellow of Trinity College, 
Cambridge. I2r. 
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MATHEMATICS. n 

CANBLSR—HELP TO ARITHMETIC. Designed for the 
use of Schools. By H. Candler, M.A., Mathematical 
Master of Uppingham School. Extra fcap. 8vo. is. 6d. 

CHEYNE—AN ELEMENTARY TREATISE ON THE 
PLANETARY THEORY. By C. H. IT. Cheyne, M.A., 
F.R.A.S. With a Collection of Problems. Second Edition. 
Crown 8vo. 6s. 6d. 

GHRXSTIB—A COLLECTION OF ELEMENTARY TEST- 
QUESTIONS IN PURE AND MIXED MATHE- 
MA TICS; with Answers and Appendices on Synthetic 
Division, and on the Solution of Numerical Equations by 
Homer’s Method. By James R. Christie, F.R.S., Royal 
Military Academy, Woolwich. Crown 8vo. 8s. 6d. 

CLIFFORD — '1HE ELEMENTS OF DYNAMIC. An In- 
troduction to the Study of Motion and Rest in Solid and Fluid 
Bodies. By W. K. Clifford, F.R.S., Professor of Applied 
Mathematics and Mechanics at University College, London. 
Part I.—KINETIC. Crown 8vo. Js. 6d. 

ODHMING—-AN INTRODUCTION TO THE THEORY 
OF ELECTRICITY. By Linnaeus Cummins, M.A., 
one of the Masters of Rugby School. With Illustrations. 
Crown 8vo. 8r. 6d. 

CUTHBBRTSOMT—^f7CZ/Z>A4rV GEOMETRY. By Francis 
Cutheertson, M.A., LL.D., Head Mathematical Master of 
the City of London School. Extra fcap. 8vo. /p-. 6d. 

DAWON—Works by the Rev. T. DALTON, M.A., Assistant 
Master of F.ton College. 

RULES AND EXAMPLES IN ARITHMETIC. New 
Edition. i8mo. is. 6d. 

[ Answers to the Examples are appended. 

RULES AND EXAMPLES IN ALGEBRA. Part I. 
New Edition. l8mo. is. Part II. i8mo. is. 6d. 
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16 MACMILLAN’S EDUCATIONAL CATALOGUE. 

DAY—PROPERTIES OF CONIC SECTIONS PROVED 
GEOMETRICALLY. Part I„ THE ELLIPSE, with 
Problems. By the Rev. H. G. Day, M.A. Crown 8vo. 
3s- 61. 

DODGSOW—EUCLID AND HIS MODERN RIVALS. By 
the Rev. C. L. Dodgson, M.A., Mathematical Lecturer, 
Christ Church, Oxford. Crown 8vo. 7s. 6d. 

DREW—GEOMETRICAL TREATISE ON CONIC SEC¬ 
TIONS. By W. H. Drew, M.A., St. John’s College, 
Cambridge. New Edition, enlarged. Crown 8vo. 5J* 

SOLUTIONS TO THE PROBLEMS IN DREW’S 
CONIC SECTIONS. Crown 8vo. 4*. 61. 

EDGAR (J. H.) and PRITCHARD (G. S.)—NOTE-BOOK 
ON PRACTICAL SOLID OR DESCRIPTIVE GEO- 
ME2RY. Containing Problems with help for Solutions. By 
J. H. Edgar, M. A., Lecturer on Mechanical Drawing at the 
Royal School of Mines, andG. S. Pritchard. New Edition, 
revised and enlarged. Globe 8vo. 3r. 

FERRERS—Works by the Rev. N. M. FERRERS, M.A., Fellow 
and Tutor of Gonville and Caius College, Cambridge. 

AN ELEMENTARY TREATISE ON TR1LINEAR 
CO-ORDINATES, the Method of Reciprocal Polars, and 
the Theory of Projectors. New Edition, revised. Crown 8vo. 
6.;. 6 d. 

AN ELEMENTARY TREATISE ON SPHERICAL 
HARMONICS, AND SUBJECTS CONNECTED WITH 
THEM. Crown 8vo. 7s. 6d. 

FROST—Works by PERCIVAL FROST, M.A., formerly Fellow 
of St. John’s College, Cambridge; Mathematical Lecturer of 
King’s College. 

AN ELEMENTARY TREATISE ON CURVE TRA¬ 
CING. By Percivai. Frost, M.A. 8vo. 12s. 

SOLID GEOMETRY. A New Edition, revised and enlarged 
of the Treatise by Fros-t and Wolstenholme. In 2 Vols. 
Vol.. I. 8vo. i6r. 
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MATHEMATICS. 17 

GODFEAY—Works by HUGH GODFRAY, M.A., Mathematical 
Lecturer at Pembroke College, Cambridge. 

A TREATISE ON ASTRONOMY, for the Use of Colleges 
and Schools. New Edition. 8vo. 12s. 6d. 
AN ELEMENTARY TREATISE ON THE LUNAR 
TIIEOR Y, with a Brief Sketch of the Problem up to the time 
of Newton. Second Edition, revised. Crown 8vo. Sr. 61. 

HEMMING—AN ELEMENTARY TREATISE ON THE 
DIFFERENTIAL AND INTEGRAL CALCULUS, for 
the Use of Colleges and Schools. By G. W. Hemming, M.A., 
Fellow of St. John’s College, Cambridge. Second Edition, 
with Corrections and Additions. 8vo. gs. 

JACKSON — GEOMETRICAL CONIC SECTIONS. An 
Elementary Treatise in which the Conic Sections are defined 
as the Plane Sections of a Cone, and treated by the Method 
of Projection. ByJ. Stuart Jackson, M.A., late Fellow of 
Gonville and Caius College, Cambridge. Crown 8vo. 4s. 6d. 

JULIET (JOHN H.)—A TREATISE ON THE THEORY 
OF FRICTION. By John H. Jellet, B.D., Senior Fellow 
of Trinity College, Dublin; President of the Royal Irish 
Academy. 8vo. 8s. 6d. 

JONES and CHEYNE—ALGEBRAICAL EXERCISES. 
Progressively Arranged. By the Rev. C. A. Jones, M.A., and 
C. H. Cheyne, M.A., F.R.A.S., Mathematical Masters of 
Westminster School. New Edition. i8mo. 2s. 6a. 

KELLAND and TA1T—INTRODUCTION TO QUATER¬ 
NIONS, with numerous examples. By P. Kelland, M.A., 
F.R.S. ; and P. G. Tait, M.A., Professors in the department 
of Mathematics in the University of Edinburgh. Crown 8vo. 
7-r. 6d. 

KITCHENER—A GEOMETRICAL NOTE-BOOK, containing 
Easy Problems in Geometrical Drawing preparatory to the 
Study of Geometry. For the use of Schools. By F. E. 
Kitchener, M.A., Matheroathical Master at Rugby. New 
Edition, dto. zs. 
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18 MACMILLAN’S EDUCATIONAL CATALOGUE. 

MAULT-NATURAL GEOMETRY: an Introduction to the 
Logical Study of Mathematics. For Schools and Technical 
Classes. With Explanatory Models, based upon the Tachy- 
metrical Works of Ed. Lagout. By A. Mault. i8mo. Ir. 

Models to Illustrate the above, in Box, 12s. 6d. 

MEKEIMAK — ELEMENTS OF THE METHOD OF 
LEAST SQUARES. By Mansfield Merriman, Ph.D. 
Professor of Civic and Mechanical Engineering, Lehigh Uni¬ 
versity, Bethlehem, Penn. Crown 8vo. 7r. 6d. 

MILLAR -ELEMENTS OF DESCRIPTIVE GEOMETRY. 
By J. B. Millar, C.E., Assistant Lecturer in Engineering in 
Owens College, Manchester. Crown 8vo. 6s. 

MORGAN — A COLLECTION OF PROBLEMS AND 
EXAMPLES IN MATHEMATICS. With Answers. 
By H. A. Morgan, M.A., Sadlerian and Mathematical 
Lecturer of Jesus College, Cambridge. Crown 8vo. 6s. 6d. 

MUIR—DETERMINANTS. By Thos. Muir. Crown 8vo. 
[In preparation. 

NEWTON’S PRINCIPIA. Edited by Prof. Sir W. Thomson 
and Professor Blackburn. 4to. cloth. 31A 6d. 

THE FIRST THREE SECTIONS OF NEWTON’S 
PRINCIPIA, With Notes and Illustrations. Also a col¬ 
lection of Problems, principally intended as Examples of 
Newton’s Methods. By Percival Frost, M.A. Third 
Edition. 8vo. I2r. 

PARKINSON—Works by S. PARKINSON, D.D., F.R.S., 
Tutor and Praelector of St. John’s College, Cambridge. 

AN ELEMENTARY TREATISE ON MECHANICS. 
For the Use of the Junior Classes at the University and the 
Higher Classes in Schools. With a Collection of Examples. 
New Edition, revised. Crown 8vo. cloth. 9s. 6d, 

A TREATISE ON OPTICS. New Edition, revised and 
enlarged. Crown 8vo. cloth. I or. 6d. 

PEDLEY—EXERCISES IN ARITHMETIC. By S. Pedley. 
[In preparation. 
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MATHEMATICS. 

PHEAR—ELEMENTARY HYDROSTATICS. With Nu- 
merous Examples. By J. B. Phear, M.A., Fellow and late 
Assistant Tutor of Clare College, Cambridge. New Edition. 
Crown 8vo. cloth. Sr. 6d. 

PIRIE—LESSONS ON RIGID DYNAMICS. By the Rev. 
G. Pirie, M.A., late Fellow and Tutor of Queen’s College, 
Cambridge; Professor of Mathematics in the University of 
Aberdeen. Crown 8vo. 6s. 

PUCKLE-AN ELEMENTARY TREATISE ON CONIC 
SECTIONS AND ALGEBRAIC GEOMETRY. With 
Numerous Examples and Hints for their Solution; especially 
designed for the Use of Beginners. By G. H. Puckle, M.A. 
New Edition, revised and enlarged. Crown 8vo. 7s. 6d. 

RAWHNSON—ELEMENTARY STATICS, by the Rev. 
George Rawlinson, M.A. Edited by the Rev. Edward 
Sturges, M.A. Crown 8vo. 41. 6d. 

RAYLEIGH— THE THEORY OF SOUND. By Lord 
Rayleigh, M.A., F.R.S., formerly Fellow of Trinity College, 
Cambridge. 8vo. Vol. I. I2r. 6d. Vol. II. 12s. 6d. 

[ Vol. III. in the press, 

REYNOLDS—MODERN METHODS IN ELEMENTARY 
GEOMETRY. By E. M. Reynolds, M.A., Mathematical 
Master in Clifton College. Crown 8vo. 31. 6d. 

ROUTH—Works by EDWARD JOHN ROUTH, M.A.,F.R.S., 
late Fellow and Assistant Tutor of St. Peter’s College, Cam¬ 
bridge ; Examiner in the University of London. 

AN ELEMENTARY TREATISE ON THE DYNAMICS 
OF THE SYSTEM OF RIGID BODIES. With numerous 
Examples. Third and enlarged Edition. 8vo. 21s. 

STABILITY OF A GIVEN STATE OF MOTION, 
PARTICULARLY STEADY MOTION. Adams’ Prize 
Essay for 1877. 8vo. 8s. 6d. 
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20 MACMILLAN’S EDUCATIONAL CATALOGUE. 

SMITH—Works by the Rev. BARNARD SMITH, M.A., 
Rector of Glaston, Rutland, late Fellow and Senior Bursar 
of St. Peter’s College, Cambridge. 

ARITHMETIC AND ALGEBRA, in their Principles and 
Application ; with numerous systematically arranged Examples 
taken from the Cambridge Examination Papers, with especial 
reference to the Ordinary Examination for the B.A. Degree. 
New Edition, carefully revised. Crown 3vo. 105. 61. 

ARITHMETIC FOR SCHOOLS. New Edition. Crown 
8vo. 45. 6d. 

A KEY TO THE ARITHMETIC FOR SCHOOLS. 
New Edition. Crown 8vo. 8r. 6d. 

EXERCISES IN ARITHMETIC. Crown 8vo. limp cloth. 
2s. With Answers. 25. 6a. 

Or sold separately, Part I. 15.; Part II. 15. ; Answers, 6d. 

SCHOOL CLASS-BOOK OF ARITHMETIC. i8mo. 
cloth. 35. 

Or sold separately, in Three Parts. 15. each. 

KEYS TO SCHOOL CLASS-BOOK OF ARITHMETIC. 
Parts I., II., and III., 25. 6d. each. 

SHILLING BOOK OF ARITHMETIC FOR NATIONAL 
AND ELEMENTARY SCHOOLS. iSmo. cloth. Or 
separately, Part I. 2d. ; Part II. 3d. ; Part III. 7d. Answers. 
6 d. 

HIE SAME, with Answers complete. i8mo, cloth. 15. 6d. 

KEY TO SHILLING BOOK OF ARITHMETIC. 
i8mo. 45. 6d. 

EXAMINA TION PAPERS IN ARITHMETIC. l8mo. 
15. 6d. The same, with. Answers, i8mo. 25. Answers, 6d. 

KEY TO EXAMINATION PAPERS IN ARITH¬ 
METIC. i8mo. 45. 6d. 
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MATHEMATICS. 21 

SMITH Continued— 
THE METRIC SYSTEM OF ARITHMETIC, ITS 
PRINCIPLES AND APPLICATIONS, with numerous 
Examples, written expressly for Standard V. in National 
Schools. New Edition. l8mo. cloth, sewed. 3d. 

A CHART OF THE METRIC SYSTEM, oil a Sheet, 
size 42 in. by 34 in. on Roller, mounted and varnished, price 
3^. 6d. New Edition. 

Also a Small Chart on a Card, price id. 

EASY LESSONS IN ARITHMETIC, combining Exercises 
in Reading, Writing, Spelling, and Dictation. Part I. for 
Standard I. in National Schools. Crown 8vo. gd. 

EXAMINATION CARDS IN ARITHMETIC. (Dedi. 
cated to Lord Sandon.) With Answers and Hints. 

Standards I. and II. in box, is. Standards III., IV. and V., 
in boxes, ir. each. Standard VI. in Two Parts, in boxes, 
ir. each. 

A and B papers, of nearly the same difficulty, are given so as to 
prevent copying, and the Colours of the A and B papers differ in 
each Standard, and from those of every other Standard, so that a 
master or mistress can see at a glance whether the children have the 
proper papers. 

SNOWBALL — THE ELEMENTS OF PLANE AND 
SPHERICAL TRIGONOMETRY; with the Construction 
and Use of Tables of Logarithms. By J. C. Snowball, M. A. 
New Edition. Crown 8vo. "]s. 6d. 

SYLLABUS OP PLANS GEOMETRY (corresponding to 
Euclid, Books I.—VI.). Prepared by the Association for the 
Improvement of Geometrical Teaching. New Edition. Crown 
8vo. ir. 

TAIT and STEELE—A TREATISE ON DYNAMICS OF 
A PARTICLE. With numerous Examples. By Professor 
Tait and Mr. Steele. Fourth Edition, revised. Crown 8vo. 
I2r. 
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22 MACMILLAN’S EDUCATIONAL CATALOGUE. 

TEBAY — ELEMENTARY MENSURATION FOR 
SCHOOLS. With numerous Examples. By Septimus 
Tebay, B.A., Head Master of Queen Elizabeth’s Grammar 
School, Rivington. Extra fcap. 8vo. 3s. (id. 

TODHUNTER—Works by I. Todhunter, M.A., F.R.S., of 
St. John’s College, Cambridge. 

“ Mr. Todhunter is chiefly known to students of Mathematics as the 
author of a series of admirable mathematical text-books, which possess 
the rare qualities of being clear in style and absolutely free from mistakes, 
typographical or other."—Saturday Review. 

THE ELEMENTS OF EUCLID. For the Use of Colleges 
and Schools. New Edition. l8mo, y. (id. 

MENSURATION FOR BEGINNERS. With numerous 
Examples. New Edition. i8mo. 2i. 6d. 

ALGEBRA FOR BEGINNERS. With numerous Examples. 
New Edition. i8mo. 2,r. 6d. 

KEY TO ALGEBRA FOR BEGINNERS. Crown 8vo. 
6s. 6d. 

TRIGONOMETRY FOR BEGINNERS. With numerous 
Examples. New Edition. i8mo. is. (d. 

KEY TO TRIGONOMETRY FOR BEGINNERS. 
Crown 8vo. 8j. 6d. 
MECHANICS FOR BEGINNERS. With numerous 
Examples. New Edition. i8mo. 4s. 6d. 

KEY TO MECHANICS FOR BEGINNERS. Crown 
8vo. 6j. 6d. 
ALGEBRA. For the Use of Colleges and Schools. New 
Edition. Crown 8vo. ‘Js. 6d. 

KEY TO ALGEBRA FOR THE USE OF COLLEGES 
AND SCHOOLS. Crown 8vo. 10s. 6d. 

AN ELEMENTARY TREATISE ON THE THEORY 
1 OF EQUATIONS. New Edition, revised. Crown 8vo. 

7s. 6d. 
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MATHEMATICS. 23 

TODHUNTER Continued— 
PLANE TRIGONOMETRY. For Schools and Colleges. 
New Edition. Crown 8vo. 5.J. 

KEY TO PLANE TRIGONOMETRY. Crown 8vo. 
1 or. (id. 

A TREATISE ON SPHERICAL TRIGONOMETRY. 
New Edition, enlarged. Crown 8vo. 4J. 6d. 

PLANE CO-ORDINATE GEOMETRY, as applied to the 
Straight Line and the Conic Sections. With numerous 
Examples. New Edition, revised and enlarged. Crown 8vo„ 
7s. 6d. 

A TREATISE ON THE DIFFERENTIAL CALCULUS. 
With numerous Examples. New Edition. Crown 8vo. 
I or. 6d. 

A TREATISE ON THE INTEGRAL CALCULUS AND 
ITS APPLICATIONS. With numerous Examples. New 
Edition, revised and enlarged. Crown 8vo. ioj. 6d. 

EXAMPLES OF ANALYTICAL GEOMETRY OF 
THREE DIMENSIONS. New Edition, revised. Crown 
8vo. 4j. 

A TREATISE OA ANALYTICAL STATICS. With 
numerous Examples. New Edition, revised and enlarged. 
Crown 8vo. ior. (id. 

A HISTORY OF THE MATHEMATICAL THEORY 
OF PROBABILITY, from the time of Pascal to that of 
Laplace. 8vo. l8r. 

RESEARCHES IN THE CALCULUS OF VARIA¬ 
TIONS, principally on the Theory of Discontinuous Solutions : 
an Essay to which the Adams Prize was awarded in the 
University of Cambridge in 1871. 8vo. 6j. 
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24 MACMILLAN’S EDUCATIONAL CATALOGUE. 

TODHUNTEE Continued— 

A HISTORY OF THE MATHEMATICAL THEORIES 
OF ATTRACTION, AND THE FIGURE OF THE 
EARTH, from the time of Newton to that of Laplace. 2 vols. 
8vo. 24s. 

AN ELEMENTARY TREATISE ON LAPLACE’S, 
LAME’S, AND BESSEL’S FUNCTIONS. Crown 8vo. 
1 or. 6 d. 

WILSON (J. M.)—ELEMENTARY GEOMETRY. Books 
I. to V. Containing the Subjects of Euclid’s first Six 
Books. Following the Syllabus of the Geometrical Association. 
By J. M. Wilson, M.A., Head Master of Clifton College. 
New Edition. Extra fcap. 8vo. 4L (id. 

SOLID GEOMETRY AND CONIC SECTIONS. With 
‘ Appendices on Tran sversals and Harmonic Division. For the 

Use of Schools. By J. M, Wilson, M.A. New Edition. 
Extra fcap. 8vo. 3-f. (id. 

WILSON—GRADUA TED EXERCISES IN PLANE TRI¬ 
GONOMETRY. Compiled and arranged by J. Wilson, 

M.A., and S. R. Wilson, B.A. Crown 8vo. 4r. 6d. 

“ The exercises seem beautifully graduated and adapted to lead a student 
on most gently and pleasantly."—E. J. Routh, F.R.S., St. Peter’s College, 
Cambridge. 

WILSON (W. V.)—A TREATISE ON DYNAMICS. By 
W. P. Wilson, M.A., Fellow of St. John’s College, Cam¬ 
bridge, and Professor of Mathematics in Queen’s College, 
Belfast. 8vo. gs. 6d. 

WOLSTENHOLME—MATHEMATICAL PROBLEMS, on 
Subjects included in the First and Second Divisions of the 
Schedule of Subjects for the Cambridge Mathematical Tripos 
Examination. Devised and arranged by Joseph Wolsten- 
holme, late Fellow of Christ’s College, sometime Fellow of 
St. John’s College, and Professor of Mathematics in the Royal 
Indian Engineering College. New Edition greatly enlarged. 
8 vo. i8r. 
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SCIENCE. 25 

SCIENCE. 

SCIENCE PRIMERS FOR ELEMENTARY 
SCHOOLS. 

Under the joint Editorship of Professors Huxley, Roscoe, and 
Balfour Stewart. 

“ These Primers are extremely simple and attractive, and thoroughly 
answer their purpose of just leading the young beginner up to the thresh¬ 
old of the long avenues in the Palace of Nature which these titles suggest. ” 
—Guardian. 

“ They are wonderfully clear and lucid in their instruction, simple in 
style, and admirable in plan, "—Educational Times, 

CHEMISTRY — By H. E. Roscoe, F.R.S., Professor of 
Chemistry in Owens College, Manchester. With numerous 
Illustrations. iSmo. ir. New Edition. With Questions. 

“A very model of perspicacity and accuracy.”—Chemist and Drug¬ 
gist. 

physics—By Balfour Stewart, F.R.S., Professor of Natural 
Philosophy in Owens College, Manchester. With numerous 
Illustrations. l8mo. ir. New Edition. With Questions. 

PHYSICAL GEOGRAPHY—By ARCHIBALD GeiKIE, F.R.S., 
Murchison Professor of Geology and Mineralogy at Edin¬ 
burgh. With numerous Illustrations. New Edition, with 
Questions. i8mo. is. 

“Everyone of his lessons is marked by simplicity, clearness, and 
correctness. ”—Athenaeum. 

GEOLOGY —By Professor Geikie, F.R.S. With numerous 
Illustrations. New Edition. i8mo. cloth. i.r. 

“ It is hardly possible for the dullest child to misunderstand the meaning 
tvf a classification of stones after Professor Geikie’s explanation.”—School 
Board Chronicle. 

PHYSIOLOGY—By MICHAEL FOSTER, M.D., F.R.S. With 
numerous Illustrations. New Edition. iSmo. is. 

“The book seems to us to leave nothing to be desired as an elementary 
text-book."—Academy. 
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26 MACMILLAN’S EDUCATIONAL CATALOGUE. 

SCIENCE PRIMERS Continued— 
ASTRONOMY — By J. Norman Lockyer, F.R.S. With 

numerous Illustrations. New Edition. i8mo. is. 
“This is altogether one of the most likely attempts we have ever seen to 

bring astronomy down to the capacity of the young child.”—School 
Board Chronicle. 

BOTANY—By Sir J. D. Hooker, K.C.S.I., C,B., President 
of the Royal Society With numerous Illustrations. New 
Edition. i8mo. is. 

“ To teachers the Primer will be of inestimable value, and not only 
because of the simplicity of the language and the clearness with which the 
subject matter is treated, but also on account of its coming from the highest 
authority, and so furnishing positive information as to the most suitable 
mehods of teaching the science of botany.”—Nature. 

LOGIC—By Professor Stanley Jevons, F.R.S. New Edition. 
l8mo. ir. 
“ It appears to us admirably adapted to serve both as an introduction 

to scientific reasoning, and as a guide to sound judgment and reasoning 
in the ordinary affairs of life.”—Academy, 

POLITICAL ECONOMY—By Professor STANLEY JEVONS, 
F. R.S. l8mo. is. 

“ Unquestionably in every respect an admirable primer.”—School 
Board Chronicle. 

In preparation :— 

INTRODUCTORY. By Professor Huxley. &c. &c. 

ELEMENTARY CLASS-BOOKS. 

ASTRONOMY, by the Astronomer Royal. 
POPULAR ASTRONOMY. With Illustrations. By Sir 
G. B. Airy, K.C.B., Astronomer Royal. New Edition. 
i8mo. 4r. 6d. 

ASTRONOMY. 

ELEMENTARY LESSONS IN ASTRONOMY. With 
Coloured Diagram of the Spectra of the Sun, Stars, and 
Nebulae, and numerous Illustrations. By J. Norman Lockyer, 
F.R.S. New Edition. Fcap. 8vo. Sr. 6d. 

“Full, clear, sound, and worthy of attention, not only as a popular 
exposition, but as a scientific ‘ Index.’ ”—Athenaium. 
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SCIENCE. 27 

ELEMENTARY CLASS-BOOKS Continued— 
QUESTIONS ON LOCKYER'S ELEMENTARY LES¬ 
SONS IN ASTRONOMY. For the Use of Schools. By 
John Forbes-Robertson. i8mo. cloth limp. is. 6d. 

PHYSIOLOGY. 
LESSONS IN ELEMENTARY PHYSIOLOGY. With 
numerous Illustrations. ByT. H. Huxley, F.R.S., Professor 
of Natural History in the Royal School of Mines. New 
Edition. Fcap. 8vo. 4s. 6d. 

“ Pure gold throughout.”—Guardian. 
“ Unquestionably the clearest and most complete elementary treatise 

on this subject that we possess in any language.”—Westminster Review. 

QUESTIONS ON HUXLEY’S PHYSIOLOGY FOR 
SCHOOLS. By T. Alcock, M.D. i8mo. is. 6d. 

BOTANY. 
LESSONS IN ELEMENTARY BOTANY. By D. 
Oliver, F.R.S., F.L.S., Professor of Botany in University 
College, London. With nearly Two Hundred Illustrations 
New Edition. Fcap. 8vo. 4s. 6d. 

CHEMISTRY. 
LESSONS IN ELEMENTARY CHEMISTRY, IN¬ 
ORGANIC AND ORGANIC. By Henry E. Roscoe, 
F.R.S., Professor of Chemistry in Owens College, Manchester. 
With numerous Illustrations and Chromo-Litho of the Solar 
Spectrum, and of the Alkalies and Alkaline Earths. New 
Edition. Fcap. 8vo. 4s. 6d. 

“Asa standard general text-book it deserves to take a leading place. 
Spectator. 

“ We unhesitatingly pronounce it the best of all our elementary treatises 
on Chemistry.”—Medical Times. 

A SERIES OF CHEMICAL PROBLEMS, prepared with 
Special Reference to the above, by T. E. Thorpe, Ph.D., 
Professor of Chemistry in the Yorkshire College of Science, 
Leeds. Adapted for the preparation of Students for the 
Government, Science, and Society of Arts Examinations. With 
a Preface by Professor Roscoe. Fifth Edition, with Key, 
l8mo. 2s. 
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28 MACMILLAN’S EDUCATIONAL CATALOGUE. 

ELEMENTARY CLASS-BOOKS Continued— 
POLITICAL ECONOMY. 

POLITICAL ECONOMY FOR BEGINNERS. By 
Millicent G. Fawcett. New Edition. i8mo. 2j. 6d. 

“ Clear, compact, and comprehensive.”—Daily News. 
“The relations of capital and labour have never been more simply or 

more clearly expounded.”—Contemporary Review. 

LOGIC. 
ELEMENTARY LESSONS IN LOGIC; Deductive and 
Inductive, with copious Questions and Examples, and a 
Vocabulary of Logical Terms. By W. Stanley Jevons, M.A. 
Professor of Political Economy in University College, London. 
New Edition. Fcap. 8vo. 3r. 6il. 

“ Nothing can be better for a school-book.”—Guardian. 
“A manual alike simple, interesting, and scientific.”—Athknaium. 

PHYSICS. 
LESSONS IN ELEMENTARY PHYSICS. By Balfour 
Stewart, F.R.S., Professor of Natural Philosophy in Owens 
College, Manchester. With numerous Illustrations and Chromo- 
litho of the Spectra of the Sun, Stars, and Nebulae. New 
Edition. Fcap. 8vo. rp. tid. 

‘ ‘ The beau-ideal of a scientific text-book, clear, accurate, and thorough.” 
—Educational Timhs. 

PRACTICAL CHEMISTRY, 
THE OWENS COLLEGE JUNIOR COURSE OF 
PRACTICAL CHEMISTRY. By Francis Jones, Chemical 
Master in the Grammar School, Manchester. With Preface by 
Professor Roscoe, and Illustrations. New Edition. i8mo. 
2s. 6d. 

CHEMISTRY. 
QUESTIONS AND EXERCISES IN CHEMISTRY. 
By Francis Jones, Chemical Master in the Grammar School, 
Manchester. [In preparation. 

ANATOMY. 
LESSONS IN ELEMENTARY ANATOMY. By St. 
George Mivart, F.R.S., Lecturer in Comparative Anatomy 
at St. Mary’s Hospital. With upwards of 400 Illustrations. 
Fcap. 8vo. 6s. 6d. 

“ It may be questioned whether any other work on anatomy contains in 
like compass so proportionately great a mass of information. "—Lancet. 

“ The work is excellent, and should be in the hands of every student of 
human anatomy.”—Medical Times. 
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SCIENCE. 29 

ELEMENTARY CLASS-BOOKS Continued— 
MECHANICS. 

AN ELEMENTARY TREATISE. By A. B. W. 
Kennedy, C.E., Professor of Applied Mechanics in University 
College, London. With Illustrations. [In preparation. 

STEAM. 
AN ELEMENTARY TREATISE. By John Perry, 
Professor of Engineering, Imperial College of Engineering, 
Yedo. With numerous Woodcuts and Numerical Examples 
and Exercises. i8mo. 4s. 61i. 

“ The young engineer and those seeking for a comprehensive knowledge 
of the use, power, and economy of steam, could not have a more useful 
work, as it is very intelligible, well arranged, and practical throughout."— 
Ironmonger. 

PHYSICAL GEOGRAPHY. 

ELEMENTARY LESSONS IN PHYSICAL GEO¬ 
GRAPHY. By A. Geikie, F.R.S., Murchison Professor 
of Geology, &c., Edinburgh. With numerous Illustrations. 
Fcap. 8vo. 4s. bd. 

QUESTIONS ON THE SAME. is. 6a. 

GEOGRAPHY. 

CLASS-BOOK OF GEOGRAPHY. By C. B. Clarke, M.A., 
F.R.G.S. Fcap. 8vo. New Edition, with Eighteen Coloured 
Maps. 31. 

NATURAL PHILOSOPHY. 
NATURAL PHILOSOPHY FOR BEGINNERS. By 
I. Todhunter, M.A., F.R.S. Part I. The Properties of 
Solid and Fluid Bodies. l8mo. 3r. bd. 
Part II. Sound, Light, and Heat. i8mo. 3.?. 6d. 

SOUND. 
AN ELEMENTARY TREATISE. By W. II. Stone, 
M.B., F.R.S. With Illustrations. i8mo. [Immediately. 

PSYCHOLOGY. 
ELEMENTARY LESSONS IN PSYCHOLOGY. By G. 
Croom Robertson, Professor of Mental Philosophy, &c., 
University College, London. [In preparation. 

Others in Preparation. 
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30 MACMILLAN’S EDUCATIONAL CATALOGUE. 

MANUALS FOR STUDENTS. 

Crown 8vo. 

DYER AND VINES—THE STRUCTURE OF PLANTS. By 
Professor Thiselton Dyer, F.R.S., assisted by Sydney 
Vines, B.Sc., Fellow and Lecturer of Christ’s College, 
Cambridge. With numerous Illustrations. [/«preparation. 

FAWCETT—^ MANUAL OF POLLTICAL ECONOAfi. 
By Professor Fawcett, M.P. New Edition, revised and 
enlarged. Crown 8vo. 12s. 6a. 

FLEISCHER—-.4 SYSTEM OF VOLUMETRLC ANAL}- 
SIS. Translated, with Notes and Additions, from the second 
German Edition, by M. M. Pattison Muir, F.R.S.E. With 
Illustrations. Crown 8vo. 7s. 6d. 

FLOWER (W. H.)—AN INTRO D UCTION TO THE OSTE- 
OLOGY OF THE MAMMALLA. Being the substance of 
the Course of Lectures delivered at the Royal College of 
Surgeons of England in 1870. By Professor W. H. Flower, 
F.R.S., F.R.C.S. With numerous Illustrations. New Edition, 
enlarged. Crown 8vo. ioj. 6d. 

FOSTER and BALFOUR—THE ELEMENTS OF EMBRYO¬ 
LOGY. By Michael Foster, M.D., F.R.S., and F. M. 
Balfour, M.A. Part I. crown 8vo. 7s. 6d. 

FOSTER and LANGLEY—A COURSE OF ELEMENTARY 
PRACTLCAL PHYSIOLOGY. By Michael Foster, 
M.D., F.R.S., and J. N. Langley, B.A. New Edition. 
Crown 8vo. 6s. 

HOOKER (Dr.)—THE STUDENTS FLORA OF THE 
BRITISH ISLANDS. By Sir J. D. Hooker, K.C.S.I., 
C.B., F.R.S., M.D., D.C.L. New Edition, revised. Globe 
8vo. 101. 6a, 
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MANUALS FOE STUDENTS Continued— 
HUXLEY—PHYSIOGRAPHY. An Introduction to the Study oi 

Nature. By Professor Huxley, F.R.S. With numerous Illus¬ 
trations, and Coloured Plates. New Edition. Crown 8vo. ‘jsAd. 

HUXLEY and MARTIN—A COURSE OF PRACTICAL 
INSTRUCTION IN ELEMENTARY BIOLOGY. By 
Professor Huxley, F.R.S., assisted by IP. N. Martin, M.B., 
D.Sc. New Edition, revised. Crown 8vo. 6s. 

HUXLEY and PARKER—ELEMENTARY BIOLOGY. 
PARI II. By Professor Huxley, F.R.S., assisted by 
— Parker. With Illustrations. [In preparation. 

JEVONS—TIIF. PRINCIPLES OF SCIENCE. A Treatise 
on Logic and Scientific Method. By Professor W. Stanley 
Jevons, LL.D., F.R.S. New and Revised Edition. Crown 
8vo. 12r. 6d. 

OLIVER (P rofea sor)—FIRS T BO OK OF INDIA N BOTANY. 
By Professor Daniel Oliver, F.R.S., F.L.S., Keeper of 
the Herbarium and Library of the Royal Gardens, Kew, 
With numerous Illustrations. Extra fcap. 8vo. 6s. 6d. 

PARKER and BETTANY — THE MORPHOLOGY OF 
THE SKULL. By Professor Parker and G. T. Bettany. 
Illustrated. Crown 8vo. ior. 6d. 

TAIT—AN ELEMENTARY TREATISE ON HEAI. By 
Professor Tait, F.R.S.E. Illustrated. [In thepres<s. 

THOMSON—ZOOLOGY. By Sir C. Wyville Thomson, F.R.S. 
Illustrated. [In preparation. 

TYLOR and LANKESTER — ANTHROPOLOGY. By E. B. 
Tylor, M.A., F.R.S., and Professor E. Ray Lankester, 

M.A., F.R.S. Illustrated. [In preparation. 

Other volumes of these Manuals will follow. 
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32 MACMILLAN’S EDUCATIONAL CATALOGUE. 

SCIENTIFIC TEXT-BOOKS. 

BALL (R. S., A.M.)—EXPERIMENTAL'MECHANICS. A 
Course of Lectures delivered at the Royal College of Science 
for Ireland. By R. S. Ball, A.M., Professor of Applied 
Mathematics and Mechanics in the Royal College of Science 
for Ireland. Royal 8vo. i6r. 

FOSTER—A TEX7-BOOK OF PHYSIOLOGY. By Michael 

Foster, M.D., F.R.S. With Illustrations. New Edition, 
enlarged, with additional Illustrations. 8vo. 21 s. 

GAM GEE —A TEXT-BOOK, SYSTEMATIC AND PRAC¬ 
TICAL, OF THE PHYSIOLOGICAL CHEMISTRY OF 
THE ANIMAL BODY. Including the changes which the 
Tissues and Fluids undergo in Disease. By A. Gamgee, 
M.D., F.R.S., Professor of Physiology, Owens College, 
Manchester. 8vo. [In the press. 

GEGENBADR—ELEMENTS OF COMPARATIVE ANA¬ 
TOMY. By Professor Carl Gegenbaur. A Translation by 
F. Jeffrey Bell, B.A. Revised with Preface by Professor 
E. Ray Lankester, F.R.S. With numerous Illustrations. 
8vo. 21s. 

KLAUSIUS—MECHANICAL THEORY OF HEAT. Trans¬ 
lated by Walter K. Browne. Svo. [In the press. 

NEWCOMB—POPULAR ASTRONOMY. By S. Newcomb, 

LL.D., Professor U.S. Naval Observatory. With 112 Illus¬ 
trations and 5 Maps of the Stars. 8vo. l8r. 

“ It is unlike anything else of its kind, and -will be of more use in circulating 
a knowledge of astronomy than nine-tenths of the books whieh have appeared 
on the subject of late years.”—Saturday Revieit. 

REULEAUX — THE KINEMATICS OF MACHINERY. 
Outlines of a Theory of Machines. By Professor F. Rkuleaux. 

Translated and Edited by Professor A. B. W. Kennedy, 

C.E. With 450 Illustrations. Medium Svo. 21 s. 
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SCIENTIFIC TEXT-BOOKS Continued— 
ROSCOEand SCHORLEMMER—CHEMISTR V, A Complete 

Treatise on. By Professor H. E. Roscoe, F.R.S., and Pro¬ 
fessor C. Schorlemmer, F.R.S. Medium 8vo. Vol. I.— 
The Non-Metallic Elements. With numerous Illustrations, and 
Portrait of Dalton. 21 s. Vol. II.—Metals. Part I. Illus¬ 
trated. l8r. [Vo!.//.—Metals. Part II. in the press. 

SCHORLEMMER—A MANUAL OF THE CHEMISTRY OF 
THE CARBON COMPOUNDS, OR ORGANIC CHE¬ 
MISTRY. By C. Schorlemmer, F.R.S., Professor of 
Chemistry, Owens College, Manchester. With Illustrations. 
8 vo. 14.1'. 

NATURE SERIES. 

THE SPECTROSCOPE AND ITS APPLICATIONS. By 
J. Norman Lockyer, F.R.S. With Coloured Plate and 
numerous Illustrations. Second Edition. Crown 8vo. 31. 6d. 

THE ORIGIN AND METAMORPHOSES OF INSECTS. 
By Sir John Lubbock, M.P., F.R.S., D.C.L. With nurne- 
rous Illustrations. Second Edition. Crown 8vo. 3*. 6d. 

THE TRANSIT OF VENUS. By G. Forbes, M.A., Pro¬ 
fessor of Natural Philosophy in the Andersonian University, 
Glasgow. Illustrated. Crown 8vo. 3-r. 6d. 

THE COMMON FROG. By St. George Mivart, F.R.S., 
Lecturer in Comparative Anatomy at St. Mary’s Hospital. 
With numerous Illustrations. Crown 8vo. 3-r. 6d. 

POLARISATION OF LIGHT. By W. Spottiswoode, F.R.S. 
With many Illustrations. Second Edition. Crown 8vo. 
3s- 

ON BRITISH WILD FLOWERS CONSIDERED IN RE¬ 
LATION TO INSECTS. By Sir John Lubbock, M.P., 
F.R.S. With numerous Illustrations. Second Edition. Crown 
8vo. 4s. 6d. 

THE SCIENCE OF WEIGHING AND MEASURING, AND 
THE STANDARDS OF MEASURE AND WEIGHT. 
By H. W. Chisholm, Warden of the Standards. With 
numerous Illustrations. Crown 8vo. 41. 6d. 

C 
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34 MACMILLAN’S EDUCATIONAL CATALOGUE. 

NATURE SERIES Continued— 

HOW TO DRAW A STRAIGHT LINE: a Lecture on Link- 
ages. By A. B. Kempe. With Illustrations. Crown 8vo. u. 6d. 

LIGHT: a Series of Simple, entertaining, and Inexpensive Expe¬ 
riments in the Phenomena of Light, for the Use of Students of 
every age. By A. M. Mayer and C. Barnard. Crown 8vo, 
with numerous Illustrations. 2s. 6d. 

SOUND: a Series of Simple, Entertaining, and Inexpensive Ex¬ 
periments in the Phenomena of Sound, for the use of Students 
ot every age. By A. M. Mayer, Professor of Physics in 
the Stevens Institute of Technology, &c. With numerous 
Illustrations. Crown 8vo. 3r. 6d. 

Other volumes to follow. 

EASY LESSONS IN SCIENCE. 

IIEA T. By Miss C. A. Martineau. Edited by Prof. W. F. 
Barrett. [In the press. 

LIGHT. By Mrs. Awdry. Edited by Prof. W. F. Barrett. 
[In the press. 

ELECTRICITY. By Prof. W. F. Barrett. [In preparation. 

SCIENCE LECTURES AT SOUTH 

KENSINGTON. 

VOL. I. Containing Lectures by Capt. Abney, Prof. Stokes, 
Prof. Kennedy, F. G. Bramweix, Prof. G. Forbes, H. C. 
Sorby, J. T. Bottomley, S. H. Vines, and Prof. Carey 
Foster. Crown 8vo. 6s. 

VOL. II. Containing Lectures by W. Spottiswoode, P.R.S., 
Prof. Forbes, Prof. Pigot, Prof. Barrett, Dr. Burdon- 
Sanderson, Dr. Lauder Brunton, F.R.S., Prof. Roscoe, 
and others. Crown 8vo. 6s. 
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SCIENCE. 35 

MANCHESTER SCIENCE LECTURES 
FOR THE PEOPLE. 

Eighth Series, 1876-7. Crown 8vo. Illustrated. 6d. each. 
WHAT THE EARTH IS COMPOSED OF. By Professor 

Roscoe, F.R.S. 

THE SUCCESSION OF LIFE ON THE EARTH. By 
Professor Williamson, F.R.S. 

WHY THE EARTHS CHEMISTRY IS AS IT IS. By 
J. N. Lockyer, F.R.S. 

Also complete in One Volume. Crown 8vo. cloth. 2j„ 

BLANFOHD—THE RUDIMENTS OF PHYSICAL GEO¬ 
GRAPHY FOR THE USE OF INDIAN SCHOOLS; with 
a Glossary of Technical Terms employed. By H. F. Blanford, 
F.R.S. New Edition, with Illustrations. Globe 8vo. 2s. 61. 

EVERETT—PHYSICAL UNITS. By Prof. J. D. Everett. 
Extra fcap. 8vo. [In the press. 

GEIKIE— OUTLINES OF FIELD GEOLOGY. By Prof. 
Geikie, F.R.S. With Illustrations. Extra fcap. 8vo. y. 61. 

GORDON—AN ELEMENTARY BOOK ON HEAT. By 
J. E. H. Gordon, B.A., Gonville and Caius College, Cam¬ 
bridge. Crown 8vo. 2j. 

M’KENDSICK—OUTLINES OF PHYSIOLOGY IN ITS 
RELATIONS TO MAN. By J. G. M’Kendrick, M.D., 
F.R.S.E. With Illustrations. Crown 8vo. 12.'. 6d. 

MlAIiE—STUDIES IN COMPARATIVE ANATOMY. 
No. I.—The Skull of the Crocodile : a Manual for Students. 
By L. C. Miall, Professor of Biology in the Yorkshire College 
and Curator of the Leeds Museum. 8vo. 2s. 6d. 
No. II.—Anatomy of the Indian Elephant. By L. C. Miall 
and F. Greenwood. With Illustrations. 8vo. Sr. 

mum—PRACTICAL CHEMISTRY FOR MEDICAL STU¬ 
DENTS. Specially arranged for the first M.B. Course. By 
M. M. Pattison Muir, F.R.S.E. Fcap. 8vo. is. 6d. 

SHANN—AN ELEMENTARY TREATISE ON HEAT, IN 
RELA TION TO STEAM AND THE STEAM-ENGINE. 
By G. SHANN, M.A. With Illustrations. Crown 8vo. 4s. 6d. 

c 2 
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36 MACMILLAN’S EDUCATIONAL CATALOGUE. 

WRIGHT—-METALS AND THEIR CHIEF INDUSTRIAL 
APPLICATIONS. By C. Alder Wright, D.Sc., &c. 
Lecturer on Chemistry in St. Mary’s Hospital Medical School. 
Extra fcap. 8vo. 3J. 6d. 

HISTORY. 

BEESLY—STORIES FROM THE HISTORY OF ROME. 
By Mrs. Beesly. Fcap. 8vo. 2s. 6d. 

“ The attempt appears to us in every way successful. The stories are 
interesting in themselves, and are told with perfect simplicity and good 
feeling.”—Daily News. 

FREEMAN (EDWARD A.)—OLD-ENGLISH HISTORY. 
By Edward A. Freeman, D.C.L., LL.D., late Fellow of 
Trinity College, Oxford. With Five Coloured (Maps. New 
Edition. Extra fcap. 8vo.'half-bound. 6s. 

GREEN—A SHORT HISTORY OF THE ENGLISH 
PEOPLE. By John Richard Green, M.A., LL.D. With 
Coloured Maps, Genealogical Tables, and Chronological 
Annals. Crown 8vo. 8r. 6d. Sixty-second Thousand. 

“ Stands alone as the one general histoiy of the country, for the sake 
of which all others, if young and old are wise, will be speedily and surely 
set aside. ”—Academy. 

GUEST—LECTURES ON THE HISTORY OF ENGLAND. 
By M. J. Goest. With Maps. Crown 8vo. 6j. 

HISTORICAL COURSE FOR SCHOOLS — Edited by 
Edward A. Freeman, D.C.L., late Fellow of Trinity 
College, Oxford. 
I. GENERAL SKETCH OF EUROPEAN HISTORY. 
By Edward A. Freeman, D.C.L. New Edition, revised 
and enlarged, with Chronological Table, Maps, and Index. 
l8mo. cloth. 3r. 61. 

“ It supplies the great want of a good foundation for historical teaching. 
The scheme is an excellent one, and this instalment has been executed in 
a way that promises much for the volumes that are yet to appear.”— 
Educational Times. 

II. HISTORY OF ENGLAND. By Edith Thompson. 
New Edition, revised and enlarged, withuMaps. l8mo. zs. 6d. 
III. HISTORY OF SCOTLAND. By Margaret 
Macarthur. New Edition. i8mo. zs. 

“An excellent summary, unimpeachable as to facts, and putting them 
in the clearest and most impartial light attainable.*’—Guardian. 
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HISTORY. 37 

HISTORICAL COURSE FOR SCHOOLS Continued— 
IV. HISTORY OFITALY By the Rev. W. Hunt, M.A. 
iSmo. 3 s. 

“It possesses the same solid merit as its predecessors .... the same 
scrupulous care about fidelity in details. . . . It is distinguished, too, by 
information on art, architecture, and social politics, in which the writer's 
grasp is seen by the firmness and clearness o£ his touch”—Educational 
Times. 

V. HISTORY OR GERMANY By J. Sime, M.A. 
i8mo. 3*. 

“A remarkably clear~and impressive history of Germany. Its great 
events are wisely kept as central figures, and the smaller events are care¬ 
fully kept, not only subordinate and subservient, but most skilfully woven 
into the texture of the historical tapestry presented to the eye.”— 
Standard. 

- VI. HISTORY OF AMERICA. By John A. Doyle. 
With Maps. i8mo. /\s. 6a. 

“ Mr. Doyle has performed his task with admirable care, fulness, and 
clearness, and for the first time we have for schools an accurate and inter¬ 
esting history of America, from the earliest to the present time.”— 
Standard. 

EUROPEAN COLONIES. By E. J. Payne, M.A. With 
Maps. iSmo. 4j. 6d. 

“We have seldom met with an historian capable of forming a more 
comprehensive, far-seeing, and unprejudiced estimate of events and 
peoples, and we can commend this little work as one certain to prove of 
the highest interest to all thoughtful readers. ”—Times. 

FRANCE. By Charlotte M. Yonge. With Maps. i8mo. 
3r. (id. 
GREECE. By Edward A. Freeman, D.C.L. ' 

[in preparation. 
ROME. By Edward A. Freeman, D.C.L. [Inpreparation. 

history primers—Edited by John Richard Green. 
Author of “ A Short History of the English People.” 

ROME. By the Rev. M. Creighton, M.A., late Fellow 
and Tutor of Merton College, Oxford. With Eleven Maps. 
l8mo. is. 

“The author has been curiously successful in telling in an intelli¬ 
gent way the story of Rome from first to last.”—School Board 
Chronicle. 

GREECE. By C. A. Fyffe, M.A., Fellow and late Tutor 
of University College, Oxford. With Five Maps. l8mo. ir. 

“We give our unqualified praise to this little manual."—School- 

Digi
tiz

ed
 by

 Ill
ino

is 
Coll

eg
e o

f O
pto

metr
y 



38 MACMILLAN’S EDUCATIONAL CATALOGUE. 

HISTORY PRIMERS Continued— 
EUROPEAN HISTORY. By E. A. Freeman, D.C.L., 
LL.D. With Maps. i8mo. is. 

“The work is always clear, and forms a luminous key to European 
history.”—School Board Chronicle. 

GREEK AN7 IQ UITIES. By the Rev. J. P. Mahaffy, 
M.A. Illustrated. iSmo. is. 

“ All that is necessary for the scholar to know is told so compactly yet 
so fully, and in a style so interesting, that it is iinpossible for even the 
dullest boy to look on this little work in the same light as he regards his 
other school books.”—Schoolmaster. 

CLASSICAL GEOGRAPHY. By IV, F. Tozer, M.A. 
iSmo. is. 

“Another valuable aid to the study of the ancient world. ... It 
contains an enormous quantity of information packed into a small space, 
and at the same time communicated in a very readable shape.”—John 
Bull. 

GEOGRAPHY. By George Grove, D.C.L. With Maps. 
iSmo. is. 

“A model of what such a work should be .... we knov/ of no short 
treatise better suited to infuse life and spirit into the dull lists of proper 
names of which our ordinary class-books so often almost exclusively 
consist. ”—T imks. 

ROMAN ANTIQUI2TES. By Professor Wilkins. Illus¬ 
trated. l8mo. is. 

« A little book that throws a blare of light on Roman History, and 
is, moreover, intensely interesting. ”—School Board Chronicle. 

FRANCE. By Charlotte M. Yonge. i8mo. is. 

In preparation:— 

ENGLAND. By J. R. Green, M.A. 

MICHELET—A SUMMARY OF MODERN HISTORY. 
Translated from the French of M. Michelet, and continued 
to the Present Time, by M. C. M. Simpson. Globe 8vo. 
4r. 6d. 

OTTE—SCANDINAVIAN HISTORY. By E. C. Otte. 
With Maps. Globe 8vo. 6s. 

PAUI.I—PICTURES OF OLD ENGLAND. By Dr. R. 
Pauli. Translated with the sanction of the Author by 
E. C. Otte. Cheaper Edition. Crown 8vo. 6s. 
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DIVINITY. 

TAIT—ANALYSIS OF ENGLISH HISTORY, based on 
Green’s “ Short History of the English People.” By C. W. A. 
Tait, M.A., Assistant Master, Clifton College. Crown 8vo. 
3-s. 6d. 

WHEELER—A. HISTORY OF INDIA, By J. Talboys 
Wheeler. Crown 8vo. [In the press. 

YOMGE (CHARLOTTE! M.)—A PARALLEL HISTORi OF 
FRANCE AND ENGLAND : consisting of Outlines and 
Dates. By Charlotte M. Yonge, Author of “ The Heir 
of Redclyffe,” &c., &c. Oblong 4to. 3r. 6d. 

CAMEOS FROM ENGLISH HISTORY. — FROM 
ROLLO TO EDWARD II. By the Author of “The Heir 
of Redclyffe.” Extra fcap. 8vo. New Edition. Sr. 

A SECOND SERIES OF CAMEOS FROM ENGLISH 
HIS TOR Y—THE WARS IN FRANCE. New Edition. 
Extra fcap. 8vo. 

A THIRD SERIES OR CAMEOS FROM ENGLISH 
HISTORY—Tim WARS OF THE ROSES. New Edition. 
Extra fcap. 8vo. 5r. 

A FOUR TH SERIES. [In the press. 

EUROPEAN HISTORY. Narrated in a Series of 
Historical Selections from the Best Authorities. Edited and 
arranged by E. M. Sewell and C. M. Yonge. First Series, 
1003—1154. Third Edition. Crown 8vo. 6s. Second 
Series, 1088—1228. New Edition. Crown 8vo. 6s. 

DIVINITY. 

*** For other Works by these Authors, see THEOLOGICAL 
Catalogue. '% 

ABBOTT (REV. E. A..)—BIBLE LESSON'S. By the Rev. 
E. A. Abbott, D.D., Head Master of the City of London 
School. New Edition. Crown 8vo. 4r. 6d. 

“ Wise, suggestive, and really profound initiation into religious thought. ’ * 
—Guardian. 
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40 MACMILLAN’S EDUCATIONAL CATALOGUE. 

ARNOLD—A BIBLE-READING FOR SCHOOLS—THE 
GREAT PROPHECY OF ISRAEL’S RESTORATION 
(Isaiah, Chapters xl.—lxvi.). Arranged and Edited for Young 
Learners. By Matthew Arnold, D.C.L., formerly 
Professor of Poetry in the University of Oxford, and Fellow 
of Oriel. New Edition. i8mo. cloth, is. 

ISAIAH XL.—LXVI. With the Shorter Prophecies allied 
to it. Arranged and Edited, with Notes, by Matthew 
Arnold. Crown 8vo. 5s. 

GOLDEN TREASURY PSALTER—Students’ Edition. Being 
an Edition of “The Psalms Chronologically Arranged, by 
Four Friends,” with briefer Notes. l8mo. 3r. 6d. 

GREEK TESTAMENT. Edited, with Introduction and Appen¬ 
dices, by Canon Westcott and Dr. F. J. A. Hort. Two 
Vols. Crown 8vo. [In the press. 

HARDWICK—Works by Archdeacon Hardwick. 

A HISTORY OF THE CHRIS TIA A CHURCH. 
Middle Age. From Gregory the Great to the Excommuni¬ 
cation of Luther. Edited by William Stubbs, M.A., Regius 
Professor of Modem History in the University of Oxford. 
With Four Maps constructed for this work by A. Keith John¬ 
ston. Fourth Edition. ■ Crown 8vo. I os. 6d. 

A HIS TOR Y OF THE CHRISTIAN CHURCH DURING 
THE REFORMATION. Fourth Edition. Edited by Pro¬ 
fessor Stubbs. Crown 8vo. 10s. 611. 

KING -CHURCH HISTORY OF IRELAND. By the Rev. 
Robert King. New Edition. 2 vols. Crown 8vo. 

[In preparation. 

MACLEAR—Works by the Rev. G. F. Maclear, D.D., Head 
Master of King’s College School. 

A CLASS-BOON OF OLD TESTAMENT HISTORY. 
New Edition, with Four Maps. i8mo. 4r. 6d. 

A CLASS-BOON OF NEW TESTAMENT HISTORY, 
including the Connection of the Old and New Testament. 
With Four Maps. New Edition. i8mo. 51. 6a. 
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DIVINITY. 41 

MAOLEAR Continued— 
A SHILLING BOOK OF OLD TESTAMEN7 
HISTORY, for National and Elementary Schools. With 
Map. i8mo. cloth. New Edition. 

A SHILLING BOOK OF NEW TESTAMENT 
HISTORY, for National and Elementary Schools. With 
Map. l8mo. cloth. New Edition. 

These works have been carefully abridged from the author’s 
larger manuals. 

CLASS-BOOK OF THE CATECHISM OF THE 
CHURCH OF ENGLAND. New Edition. i8mo. cloth. 
is. 6d. 

A FIRSI CLASS-BOOK OF THE CATECHISM OF 
THE CHURCH OF ENGLAND, with Scripture Proofs, 
for Junior Classes and Schools. i8mo. 6d. New Edition. 

A MANUAL OF INSTRUCTION FOR CONFIRMA¬ 
TION AND FIRST COMMUNION. WITH PRA YERS 
AND DEVOTIONS. 32mo. cloth extra, red edges. 2s. 

M'CLELLAN-THE NEW TESTAMENT. A New Trans¬ 
lation on the Basis of the Authorised Version, from a Critically 
revised Greek Text, with Analyses, copious References and 
Illustrations from original authorities, New Chronological 
and Analytical Harmony of the Four Gospels, Notes and Dis¬ 
sertations. A contribution to Christian' Evidence. By John 
Brown M‘Clellan, M.A., late Fellow of Trinity College, 
Cambridge. In Two Vols. Vol. I.—The Four Gospels with 
the Chronological and Analytical Harmony. 8vo. 30J. 

“ One of the most remarkable productions of recent times,” says the 
Theological Review, “ in this department of sacred literature;” and the 
British Quarterly Review terms it “a thesaurus of first-hand investiga¬ 
tions.” 

MAURICE—THE LORD'S PRA YER, THE CREED, AND 
THE COMMANDMENTS. Manual for Parents and School¬ 
masters. To which is added the Order of the Scriptures. By the 
Rev. F. Denison Maurice, M.A. i8mo. cloth, limp. is. 
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42 MACMILLAN'S EDUCATIONAL CATALOGUE. 

PROCTER—A HISTORY OF THE BOOK OF COMMON 
PRAYER, with a Rationale of its Offices. By Francis 
Procter, M.A. Thirteenth Edition, revised and enlarged. 
Crown 8vo. lor. 6d. 

ROCTER AND maclear—AN ELEMENTARY INTRO- 
DUCTION TO THE BOOK OF COMMON PRAYER. 
Re-arranged and supplemented by an Explanation of the 
Morning and Evening Prayer and the Litany. By the 
Rev. F. Procter and the Rev. Dr. Maclear. New 
and Enlarged Edition, containing the Communion Service and 
the Confirmation and Baptismal Offices. i8mo. 2s. 6d. 

PSALMS OF DAVID CHRONOLOGICALLY ARRANGED. 
By Four Friends. An Amended Version, with Historical 
Introduction and Explanatory Notes. Second and Cheaper 
Edition, with Additions and Corrections. Cr. 8vo. 8r. 6d. 

RAMSAY- THECA TECHISER’S MANUAL; or, the Church 
Catechism Illustrated and Explained, for the Use of Clergy¬ 
men, Schoolmasters, and Teachers. By the Rev. Arthur 
Ramsay, M.A. New Edition, i8mo. ir. 6d. 

SIMPSON—AN EPITOME OF THE HISTORY OF THE 
CHRISTIAN CHURCH. By William Simpson, M.A. 
New Edition. Fcap. 8vo. 3J. 6d. 

TRENCH—-By R. C. TRENCH, D.D., Archbishop of Dublin. 
LECTURES ON MEDIEVAL CHURCH HISTORY. 
Being the substance of Lectures delivered at Queen’s College, 
London. Second Edition, revised. 8vo. 12s. 

SYNONYMS OF THE NEW TESTAMENT. Eighth 
' Edition, revised. 8vo. izs. 

WESTCOTT—Works by Brooke Foss Westcott, D.D., Canon 
of Peterborough. 
A GENERAL SURVEY OF THE HISTORY OF THE 
CANON OF THE NEW TESTAMENT DURING THE 
FIRST FOUR CENTURIES. Fourth Edition. With 
Preface on “Supernatural Religion.” Crown 8vo. I or. 6d. 

INTRODUCTION TO THE STUDY OF THE FOUR 
GOSPELS. Fifth Edition. Crown 8vo. ios. 6d. 
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MISCELLANEOUS. 43 

WESTCOTT Continued— 

THE BIBLE IN THE CHURCH. A Popular Account 
of the Collection and Reception of the Ploly Scriptures in 
the Christian Churches. New Edition. l8mo. cloth. 
41. (id. 

THE GOSPEL OF THE RESURRECTION. Thoughts 
on its Relation to Reason and History. New Edition. 
Crown 8vo. 6s. 

WILSON—THE BIBLE STUDENT’S GUIDE to the more 
Correct Understanding of the English Translation of the Old 
Testament, by reference to the original Hebrew. By William 
Wilson, D.D., Canon of Winchester, late Fellow of Queen’s 
College, Oxford. Second Edition, carefully revised. ■ 4to. 
cloth. 2 Si. 

YONGE (CHARLOTTE M.)—SCRIPTURE READINGS!OR 
SCHOOLS AND FAMILIES. By Charlotte M. Yonge, 
Author of “The Heir of Redclyffe.” 

First Series. Genesis to Deuteronomy. Globe 8vo. 
ir. 6d. With Comments, y. 6d. 

Second Series. From Joshua to Solomon. Extra fcap. 
8vo. Ii. 6d. With Comments, y. 6d. 

Third Series. The Kings and the Prophets. Extra fcap. 
8vo. is. 6d. With Comments, y. 6d. 

Fourth Series. The Gospel Times, is. 6d. With 
Comments, extra fcap. 8vo., 31. 6d.* 

Fifth Series. Apostolic Times. Extra fcap, 8vo. is. 6d. 
With Comments, 31. 6d. 

MISCELLANEOUS. 

Including works on English, French, and German Language and 
Literature, Art Hand-books, &v., &c. 

ABBOTT—A SHAKESPEARIAN GRAMMAR. An Attempt 
to illustrate some of the Differences between Elizabethan and 
Modem English. By the Rev. E. A, Abbott, D.D., Head 
Master of the City of London School. New Edition. Extra 
fcap. 8vo. 6s. 
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44 MACMILLAN’S EDUCATIONAL CATALOGUE. 

ANDERSON — LINEAR PERSPECTIVE, AND MODEL 
DR A WING. A School and Art Class Manual, with Questions 
and Exercises for Examination, and Examples of Examination 
Papers. By Laurence Anderson. With Illustrations. 
Royal 8vo. 2s. 

BARKER—FIRST LESSONS IN THE PRINCIPLES OF 
COOKING. By Lady Barker. New Edition. i8mo. is. 

BEAUMARCHAIS—LE BARBIER DE SE VILLE. Edited, 
with Introduction and Notes, by L. P. Blouet, Assistant 
Master in St. Paul’s School. Fcap. 8vo. 3s. 61. 

BERNERS—FIRST LESSONS ON HEALTH. By J. Ber¬ 
ners. New Edition. l8mo. is. 

BLAKISTON—THE TEACHER. Hints on School Manage¬ 
ment. A Handbook for Managers, Teachers’ Assistants, and 
Pupil Teachers. By J. R. Blakiston, M.A. Crown 8vo. 
2s. 61. 

“ into a comparatively small book he has crowded a great deal of ex¬ 
ceedingly useful and sound advice. It is a plain, common-sense book, 
full of hints to the teacher on the management of his school and his 
children. — School Board Chronicle. 

BREYMANN—Works by Hermann Breymann, Ph.D., Pro¬ 
fessor of Philology in the University of Munich. 
A FRENCH GRAMMAR BASED ON PHILOLOGICAL 
PRINCIPLES. Second Edition. Extra fcap. 8vo. 4r. 6d. 
FIRST FRENCH EXERCISE BOOK. Extra fcap. 8vo. 
4J. 61. 
SECOND FRENCH EXERCISE BOOK. Extra fcap. 8vo. 
2s. 6d. 

CA1DERWOOD-HANDBOOK OF MORAL PHILOSOPHY. 
By the Rev. Henry Calderwood, LL.D., Professor ot 
Moral Philosophy, University of Edinburgh. Fifth Edition. 
Crown 8vo. 6s. 

DEIjAMOTTE—A BEGINNER’S DRAWING BOOK. By 
P. H. Delamotte, F.S.A. Progressively arranged. New 
Edition improved. Crown 8vo. 3-r. 6d. 

ENGLISH WRITERS—Edited by JOHN RICHARD Green. 
Fcap. 8vo. Price is. 6d. each. 

MILL ON. By the Rev. Stopford A. Brooke. 

Others to follow. 
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MISCELLANEOUS. 45 

FAWCETT— TALES IN POLITICAL ECONOMY. By 
Millicent Garrett Fawcett. Globe 8vo. 3J. 

FEAP.ON—SCHOOL INSPECTION. By D. R. Fearon, 
M.A., Assistant Commissioner of Endowed Schools. Third 
Edition. Crown 8vo. 2s. 6d. , 

GLADSTONE—SPELLING REFORM FROM AN EDU¬ 
CATIONAL POINT OF VIEW. By J. H. Gladstone, 
Ph.D., F.R.S., Member for the School Board for London. 
New Edition. Crown 8vo. is. 61. 

GOLDSMITH—THE TRA VELLER, or a Prospect of Society ; 
and THE DESERTED VILLAGE. By Oliver Gold¬ 
smith. With Notes Philological and Explanatory, by J. W. 
Hales, M.A. Crown 8vo. 6d. 

GHEEN—READINGS FROM ENGLISH HISTORY. Se¬ 
lected and Edited by John Richard Green, M.A., LL.D., 
Honorary Fellow of Jesus College, Oxford. Three Parts. 
Globe 8vo. ir. 61. each. I. Hengist to Cressy. II. Cressy 
to Cromwell. III. Cromwell to Balaklava. 

HALES—LONGER ENGLISH POEMS, with Notes, Philo- 
logical and Explanatory, and an Introduction on the Teaching 
of English. Chiefly for Use in Schools. Edited by J. W. 
Hales, M.A,, Professor of English Literature at King’s 
College, London, &c. &c. New Edition. Extra fcap. 8vo. 
4.". 6d. 

HOLE—A GENEALOGICAL STEMMA OF THE KINGS 
OF ENGLAND AND FRANCE, By the Rev. C. Hole. 
On Sheet, ir. 

JOHNSON'S LIVES OF THE POETS. The Six Chief Lives 
(Milton, Dryden, Swift, Addison, Pope, Gray), with Macaulay’s 
“Life of Johnson.” Edited with Preface by Matthew 
Arnold. Crown 8vo. 6s. 

LITERATURE frimers—Edited by John Richard Green, 
Author of “A Short History of the English People.” 

ENGLISH GRAMMAR. By the Rev. R. Morris, LL.D., 
sometime President of the Philological Society. i8mo. 
cloth, is. 

Digi
tiz

ed
 by

 Ill
ino

is 
Coll

eg
e o

f O
pto

metr
y 



46 MACMILLAN’S EDUCATIONAL CATALOGUE. 

LITERATURE PRIMERS Continued— 

ENGLISH GRAMMAR EXERCISES. By R. Morris, 
LL.D., and IL C. Bowen, M.A. i8mo. is. 

THE CHILDREN'S TREASURY OF LYRICAL 
POETRY. Selected and arranged with Notes by Francis 
Turner Palgrave. In Two Parts. iSrao. is. each. 

ENGLISH LITERATURE. By the Rev. Stopford 
Brooke, M.A. New Edition. i8mo. is. 

PHILOLOGY. By J. Peile, M.A. i8mo. is. 

GREEK LITERATURE. By Professor Jep.b, M.A. i8mo. is. 

SHAKSPERE. By Professor DoWDEN. i8mo. ir. 

HOMER. By the Right Hon. W. E. Gladstone, M.P. 
i8mo. ir. 

ENGLISH COMPOSITION. By Professor Niciiol. i8mo. 
IS.' 

In preparation :— 
LA UN LI TER A PURE. By Professor Seeley. 

HISTORY OF THE ENGLISH LANGUAGE. By 
J. A. H. Murray, LL.D. 

MACFAIIi LAN'S COPY-BOOKS— 

Published in two sizes, viz.’:— 

r. Large Post 4to. Price 4d. each. 

2. Post Oblong. Price 2a. each. 

*1. INITIATORY EXERCISES &> SHORT LETTERS. 

*2. WORDS CONSISTING OF SHORT LETTERS. 

*3. LONG LETTERS. With words containing Long 
Letters—Figures. 
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MISCELLANEOUS. 47 

MACMILLAN'S COPY-BOOKS Continued— 

*4- WORDS CONTAINING LONG LETTERS. 

4a. PRACTISING AND REVISING COPY-BOOK. For 
Nos. i to 4. 

*5. CAPITALS AND SHORT [HALF-TEXT. Words 
beginning with a Capital. 

*6. HALF-TEXT WORDS, beginning with a Capital— 
Figures. 

*7. SMALL-HAND AND HALF-TEXT. With Capitals 
and Figures. 

*8. SMALL-HAND AND HALF-TEXT. With Capitals 
and Figures. 

8a. PRACTISING AND REVISING COPY-BOOK. For 
Nos. 5 to 8. 

*9. SMALL-HAND SINGLE HEADLINES— Figures. 

10. SMALL-IIAND SINGLE HEADLINES— Figures. 

*11. SMALL-IIAND DOUBLE HEADLINES— Figures. 

12. COMMERCIAL - AND ARITHMETICAL EX¬ 
AMPLES, &c. 

12a. PRACTISING A ND REVISING COPY-BOOK. For 
Nos. 8 to 12. 

* These members may be had with Goodman!s Patent Sliding 
Copies. Large Post 4to. Price 6d. each. 

By a simple device the copies, which are printed upon separate 
slips, are arranged with a movable attachment, by which they 
are adjusted so as to lie directly before the eye of the pupil at 
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48 MACMILLAN’S EDUCATIONAL CATALOGUE. 

MACMILLAN'S COPY-BOOKS Continued— 

all points of his progress. It enables him, also, to keep his 
own faults concealed, with perfect models constantly in view 
for imitation. Every experienced teacher knows the advantage 
of the slip copy, but its practical application has never before 
been successfully accomplished. This feature is secured ex¬ 
clusively to Macmillan’s Copy-books under Goodman’s patent. 

An inspection of books written on the old plan, with copies 
at the head of the page,will show that the lines last written at 
the bottom are almost invariably the poorest. The copy has 
been too far from the pupil's eye to be of any practical use, 
and a repetition and exaggeration of his errors have been the 
result. 

MACMILLAN'S PROGRESSIVE FRENCH COURSE—By 
G. Eugene-Fasnacht, Senior Master of Modem Languages, 
Harpur Foundation Modern School, Bedford. 

I,_First Year, containing Easy Lessons on the Regular Ac¬ 
cidence. Extra fcap. 8vo. is. 

_Second Year, containing Conversational Lessons on 
Systematic Accidence and Elementary Syntax. With Philo- 
logical Illustrations and Etymological Vocabulary, ir. 6d. 

MACMILLAN’S PROGRESSIVE GERMAN COURSE—By 
G. Eugene Fasnacht. 
Part I.—First Year. Easy Lessons and Rules on the Regular 
Accidence. Extra fcap. 8vo. is. 6d. 

Part II.—Second Year. Conversational Lessons in Sys¬ 
tematic Accidence and Elementary Syntax. With Philological 
Illustrations and Etymological Vocabulary. Extra fcap. 
8vo. 2 s. 

MARTIN — THE POET'S HOUR: Poetry selected and 
arranged for Children. By Frances Martin. Third 
Edition. l8mo. 2s. 6d. 

SPRING-TIME WITH THE POETS: Poetry selected by 
Frances Martin. Second Edition. i8mo. 3-f. 6d. 
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MASSON (GUSTAVE)—A COMPENDIOUS DICTIONARY 
OF THE FRENCH LANGUAGE (French-English and 
English-French). Followed by a List of the Principal Di¬ 
verging Derivations, and preceded by Chronological and 
Historical Tables. By Gustave Masson, Assistant-Master 
and Librarian, Harrow School. Fourth Edition. Crown 8vo. 
half-bound. 6s. 

MOLIERE—IE MALADE IMA GIN AIRE. Edited, with 
Introduction and Notes, by Francis Tarver, M.A., Assistant- 
Master at Eton. Fcap. Svo. [Inpreparation. 

MORRIS—Works by the Rev. R. MORRIS, LL.D., Lecturer 
on English Language and Literature in King’s College 
School. 

HISTORICAL OUTLINES OF ENGLISH ACCIDENCE, 
comprising Chapters on the History and Development of the 
Language, and on Word-formation. New Edition. Extra 
fcap. 8vo. 6s. 

ELEMENTARY LESSONS IN HISTORICAL 
ENGLISH GRAMMAR, containing Accidence and Word- 
formation. New Edition. i8mo. 2s. 6d. 

PRIMER OF ENGLISH GRAMMAR. iSmo. is. 

NICOL—HISTORY OF THE FRENCH LANGUAGE, 
with especial reference to the French element in English. By 
Henry Nicol, Member of the Philological Society. 

[In preparation. 

OLIPHANT—THE OLD AND MIDDLE ENGLISH. A 
New Edition of “ THE SOURCES OF STANDARD 
ENGLISH," revised and greatly enlarged. By T. Kington 
Oliphant. Extra fcap. 8vo. gs. 

PA LG RAVE—THE CHILDREN'S TREASURY OF 
LYRICAL POETRY. Selected and Arranged with Notes 
by Francis Turner Palgrave. i8mo. 2s. 6d. Also in 
Two parts. i8mo. is. each. 

PLUTARCH—Being a Selection from the Lives which Illustrate 
Shakespeare. North’s Translation. Edited, with Intro¬ 
ductions, Notes, Index of Names, and Glossarial Index, by 
the Rev. W. W. Skeat, M.A. Crown 8vo. 6s. 
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So MACMILLAN’S EDUCATIONAL CATALOGUE. 

PYLODET—NEW GUIDE TO GERMAN CONVERSA¬ 
TION: containing an Alphabetical List of nearly Soo Familiar 
Words followed by Exercises, Vocabulary of Words in frequent 
use ; Familiar Phrases and Dialogues ; a Sketch of German 
Literature, Idiomatic Expressions, See. By L. Pylodet. 
i8mo. cloth limp. 2s. 61. 

A SYNOPSIS OF GERMAN GRAMMAR. From the 
above. l8mo. 6d. 

HEADING books—Adapted to the English and Scotch Codes. 
Bound in Cloth. 

PRIMER. iSmo. (48 pp.) 2 d. 

BOOK I. for Standard I. iSino. 

II. 
III. 
IV. 

V. 
VI. 

II. l8mo. 
III. i8mo. 
IV. i8mo. 

V. i8mo. 
VI. Crown 

(96 pp.) 4d. 
(144 pp.) $d. 
(160 pp.) 6d. 
(176 pp.) 8a. 
(380 pp.) is, 

8vo. (430 pp.) 2S. 

Book VI. is fitted for higher Classes, and as an Introduction to 
English Literature. 

‘ ‘ They are far above any others that have appeared both in form and 
substance. . . . The editor of the present series has rightly seen that 
reading books must ‘aim chiefly at giving to the pupils the power of 
accurate, and, if possible, apt and skilful expression ; at cultivating in 
them a good literary taste, and at arousing a desire of further reading. 
This is done by taking care to select the extracts from true English classics, 
going up in Standard VI. course to Chaucer, Hooker, and Bacon, as well 
as Wordsworth, Macaulay, and Froude. . . . This is quite on the right 
track, and indicates justly the ideal which we ought to set before us."— 
Guardian. 

KHAKESPEAr.il—A SHAKESPEARE MANUAL. ByF. G. 
Fleay, M.A., late Head Master of Skipton Grammar School. 
Second Edition. Extra fcap. 8vo. 4?. 6d. 

AN ATTEMPT TO DETERMINE THE CHRONO¬ 
LOGICAL ORDER OF SHAKESPEARE'S PLAYS. 
By the Rev. H. Paine Stokes, B.A. Extra fcap. 8vo. 
4j\ 6d. 

THE TEMPEST. With Glossarial and Explanatory Notes. 
By the Rev. J. M. JEPHSON. Second Edition. i8mo. is. 
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SONNENSCHEIN and MEIKLEJOHN — THE ENGLISH 
METHOD OF TEACHING TO READ. By A. Son- 
nenschein and J. M. D. Meiiclejohn, M.A. Fcap. 8vo. 

COMPRISING : 

THE NURSERY BOOK, containing all the Two-Letter 
Words in the Language, id. (Also in Large Type on 
Sheets for School Walls. 5s.) 

THE FIRST COURSE, consisting of Short Vowels with 
Single Consonants. 6d. 

THE SECOND COURSE, with Combinations and Bridges, 
consisting of Short Vowels with Double Consonants. 6d. 

i 
THE THIRD AND FOURTH COURSES, consisting of 

Long Vowels, and all the Double Vowels in the Language., 
6d. 

“ These are admirable books, because they are constructed on a prin¬ 
ciple, and that the simplest principle on which it is possible to learn to read 
English.’ —Spectator. 

TAN NE It—FIRS I PRINCIPLES OF AGRICULTURE. By 
H. Tanner, F.C.S., Professor of Agricultural Science, 
University College, Aberystwith, &c. i8mo. is. 

TAYLOR—WORDS AND PLACES; or, Etymological Illus¬ 
trations of History, Ethnology, and Geography. By the Rev. 
Isaac Taylor, M.A. Third and cheaper Edition, revised 
and compressed. With Maps. Globe 8vo. 6s. 

A HISTORY OF THE ALPHABET. By the same 
Author. \Inpreparation. 

TAYLOR—A PRIMER OF PIANOFORTE FLA YING. By 
Franklin Taylor. Edited by George Grove. i8mo. is. 

TEQETSSEIER — HOUSEHOLD MANAGEMENT AND 
COOKERY. With an Appendix of Recipes used by the 

Teachers of the National School of Cookery. By W. B. 
Tegetmeier. Compiled at the request" of the School Board 
for London. l8mo. Is. 
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52 MACMILLAN’S EDUCATIONAL CATALOGUE. 

THEIN5-Works byEdward Thring, M.A., Head Master of 
Uppingham. 

THE ELEMENTS OF GRAMMAR TAUGH7 IN 
ENGLISH. With Questions. Fourth Edition. i8mo. 2s. 

THE CHILD'S GRAMMAR. Being the Substance of 
“ The Elements of Grammar taught in English,” adapted for 
the Use of Junior Classes. A New Edition. iSmo. ir. 

SCHOOL SONGS. A Collection of Songs for Schools. 
With the Music arranged for four Voices. Edited by the 
Rev. E. Thring and H. Riccius. Folio. 7r. 6d. 

TRENCH (ARCHBISHOP)—Works by R. C. TRENCH, D.D., 
Archbishop of Dublin. 
HOUSEHOLD BOOK OF ENGLISH POETRY. Selected 
and Arranged, with Notes. Third Edition. Extra fcap. 8vo. 
5 s. 6d. 

ON THE STUDY OF WORDS. Lectures addressed 
(originally) to the Pupils at the Diocesan Training School, 
Winchester. Seventeenth Edition, revised. Fcap. 8vo. 5*. 

ENGLISH, PAST AND i PRESENT. Tenth Edition, 
revised and improved. Fcap. 8vo. 5-r. 

A SELEC1 GLOSSARY OF ENGLISH WORDS, used 
formerly in Senses Different from their Present. Fcap. 
8vo. 41. 6 d. {New Edition in the press. 

VAUGHAN (C. M.)— WORDS FROM THE POETS. By 
C. M. Vaughan. Eighth Edition. i8mo. cloth, is. 

V/EIR—HARRISON WEIR'S DRAWING COPY-BOOKS. 
Oblong 4to. I. Animals. {In preparation. 

WHITNEY-Works by William D. Whitney, Professor of 
Sanskrit and Instructor in Modem Languages in Yale College; 
first President of the American Philological Association, and 
hon. member of the Royal Asiatic Society of Great Britain and 
Ireland ; and Correspondent of the Berlin Academy of Sciences. 

A COMPENDIOUS GERMAN GRAMMAR. Crown 
8vo. 4s. 6d. 
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WHITNEY Continued— 

A GERMAN READER IN PROSE AND VERSE, with 
Notes and Vocabulary. Crown 8vo. 5s. 

WRIGHT—THE SCHOOL COOKERY BOOK. Compiled 
and Edited by* C. E. Guthrie Wright, Hon. Sec. to the 
Edinburgh School of Cookery. i8mo. is. 

Sir T. D. A cl a nr), Bart, says of this book:—“ I think the “ School 
Cookery Book ” the best cheap manual which I have seen on the subject. 
I hope teachers will welcome it. But it seems to me likely to be even 
more useful for domestic purposes in all ranks short of those served by 
professed cooks. The receipts are numerous and precise, the explana¬ 
tion of principles clear. The chapters on the adaptation of food to 
varying circumstances, age, climate, employment, health, and on infants* 
food, seem tome excellent.’* 

WHITNEY AND EDGREN—A COMPENDIOUS GERMAN 
AND ENGLISH DICTIONARY, with Notation of Cor- 
respondences and Brief Etymologies. By Professor W. D. 
Whitney, assisted by A. H. Edgren. Crown 8vo. ,]s. 6d. 

THE GERMAN-ENGLISH PART, separately, 5*. 

YONGE (CHARLOTTE HI.)—THE ABRIDGED BOOK OF 
GOLDEN DEEDS. A Reading Book for Schools and 
general readers. By the Author of “The Heir of Red- 
clyffe.” l8mo. cloth, is. 
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MACMILLAN'S 

GLOBE LIBRARY. 
Beautifully printed on toned paper, price 3-r. 6d. each. Also kept 

in various morocco and calf bindings, at moderate prices. 
The Saturday Review says “ The Globe Editions are admirable 

for their scholarly editing, their typographical excellence, their 
compendious form, and their cheapness.” 

The Daily Telegraph calls it “ a series yet unrivalled for its com¬ 
bination of excellence and cheapness.” 
SHAKESPEARE'S COMPLETE WORKS. Edited by W. G. 

Clark, M. A., and W. Aldis Wright, M.A. With Glossary. 

MORTE D'ARTHUR. Sir Thomas Malory’s Book of King 
Arthur and of his Noble Knights of the Round Table. The 
Edition of Caxton, revised for Modern Use. With an Intro¬ 
duction, Notes, and Glossary, by Sir Edward Strachey. 

BURNSS COMPLETE WORKS: the Poems, Songs, and 
Letters. Edited, with Glossarial Index and Biographical 
Memoir, by Alexander Smith. 

ROBINSON CRUSOE. Edited after the Original Editions, with 
Biographical Introduction, by Henry Kingsley. 

SCOTT’S POETICAL WORKS. With Biographical and Critical 
Essay, by Francis Turner Palgrave. 

GOLDSMITH’S MISCELLANEOUS WORKS. With Bio- 
graphical Introduction by Professor Masson. 

SPENCER’S COMPLETE WORKS. Edited, with Glossary, 
by R. Morris, and Memoir by J. W. Hales. 

POPE’S POETICAL WORKS. Edited, with Notes and Intro¬ 
ductory Memoir, by Professor Ward. 

DRYDEN’S POETICAL WORKS. Edited, with a Revised 
Text and Notes, by W. D. Christie, M.A., Trinity College, 
Cambridge. 

CO WEEK’S POETICAL WORKS. Edited, with Notes and 
Biographical Introduction, by W. Benham. 

VIRGIL’S WORKS. Rendered into English Prose. With Intro¬ 
ductions, Notes, Analysis, and Index, by J. Lonsdale, M.A., 
and S. Lee, M.A. 

HORACE. Rendered into English Prose. With running Analysis, 
Introduction, and Notes, by J. Lonsdale, M.A., and S. Lee, 
M.A. 

MILTON’S POETICAL WORKS. Edited, with Introductions, 
&c., by Professor Masson. 
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Published every Thursday, price 6d.; Monthly parts, 

2s. and 2s. 6d., Half- ieany Volumes, 15*. 

AN ILLUSTRATED JOURNAL OF SCIENCE. 

Nature expounds in a popular and yet authentic 
manner, the Grand Results of Scientific Research, 
discussing the most recent scientific discoveries, and 
pointing out the bearing of Science upon civilisation 
and progress, and its claims to a more general recog¬ 
nition, as well as to a higher place in the educational 
system of the country. 

It contains original articles on all subjects within the 
domain of Science; Reviews setting forth the nature and 
value of recent Scientific Works; Correspondence 
Columns, forming a medium of Scientific discussion and 
of intercommunication among the most distinguished 
men of Science; Serial Columns, giving the gist of the 
most important papers appearing in Scientific Journals, 
both Home and Foreign; Transactions of the prin¬ 
cipal Scientific Societies and Academies of the World, 
Notes, &c. 

In Schools where Science is included in the regular 
course of studies, this paper will be most acceptable, as 
it tells what is doing in Science all over the world, is 
popular without lowering the standard of Science, and by 
it a vast amount of information is brought within a small 
compass, and students are directed to the best sources 
for what they need. The various questions connected 
with Science teaching in schools are also fully discussed, 
and the best methods of teaching are indicated. 
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